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ABSTRACT
The behaviour of 90/10/1.5$Fe Coppernickel alloy in ‘live* seawater and 
synthetic solution i.e 3 M  NaCl solution was investigated by a 
combination of electrochemical and surface analysis techniques. 
Laboratory scale tests were carried out in seawater, aerated and exposed 
to appropriate lighting levels in order to maintain a population of 
micro-organisms throughout the exposure. In addition to the observation 
of corrosion, the effect of the ecological variation of living seawater 
was studied. A number of test pieces were exposed at controlled 
electropotential in 3^% sodium chloride solution and seawater. The 
development of the corrosion product with time in these solutions was 
reasonably well understood and, after studies by XPS, Auger electron and 
X-ray spectroscopies. The mechanisms of corrosion in seawater and 3**1% 
sodium chloride solutions were found to be different. Apart from the 
mineral deposits formed in the two media, there were organic metabolic 
products in the organic and mineral structures completely interwoven 
within the surface films formed in seawater. Natural products were 
detected by a broad carbon peak which was quite characteristic and totally 
dissimilar to that from exposure in synthetic media. When samples were 
passivated in sodium chloride, the film formed was essentially inorganic 
in composition. In the seawater, the layer hierarchy within the mineral 
products was considered together with the presence and interaction of 
nitrogen, magnesium, calcium, sodium, sulphur and the alloying elements.
The main component of the layer which was formed in sodium chloride at 
anodic potential was ‘copper-chloride1 with excess chloride precipitation. 
At -150 mV (SCE) which was slightly anodic to the rest potential, an 
enriched layer of iron compounds was found in 3*^% NaCl but not in 
seawater. However, the passivating film owed nothing to iron but was
derived from other corrosion products which normally lie below the iron 
layer when this was present. Since the true passivating film was fragile, 
we could assume that the iron rich film gives a mechanical protection and 
this finding could be important for the general protection of the alloy 
surface. Polarization studies showed that the passivating layer did not 
influence the anodic behaviour but it considerably inhibited the cathodic 
reaction. In seawater, due to incorporation of organic substances in the 
corrosion product this inhibition was lost when the sample was exposed to 
less oxygenated water. Different ecological varieties showed significant 
differences in the electrochemical behaviour of the passivated samples i.e 
loss of inhibition was less pronounced in highly filtered seawater in low 
oxygenated environment.The loss of inhibition was prevented by 
pretreatment and preformation of a protective film, built up in a 
synthetic solution or in high temperature seawater.
The effect of temperature on the corrosion of the alloy in seawater 
was studied. It was found that under controlled electropotential 
conditions, an iron and nickel containing layer was formed at 40°C, 
but not at room or lower temperatures. The film formed at high 
temperature was well adhering, tenacious and protective. No cathodic 
inhibition loss effect was observed on these samples in low oxygenated 
media.
Since it was our interest to study and find a common rule in behaviour 
of the alloy in seawater, a survey of cupronickel condenser tubes from 
various location was initiated. This survey showed interesting divergence 
in the texture, colour and composition of tubes from different sources. 
However, no strong correlation between these diversities was found nor 
could any be correlated with a particular pattern of corrosion.
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Copper-Nickel-1.5% Fe (CA706) is widely and successfully used in 
saline environments where most other materials suffer corrosion or 
fouling. The high corrosion resistance of this alloy has been 
commonly attributed to the formation of protective films. The 
behaviour and protection mechanism of the alloy in saline waters 
have been the subject of many detailed studies, under various 
conditions. There have been ,however, no systematic studies of the 
interaction of organic with inorganic substances in the corrosion 
of CA706, many often quoted papers being based on experiments in 
sodium chloride solutions. In particular, relatively little 
attention has been given to the effect of marine microorganisms, in 
spite of the fact that their metabolic and decomposition products 
(e.g sulphide) may, under certain conditions, accelerate the 
corrosion process and change the nature of the film. This 
corrosive effect has been variously attributed to changes in the 
environment (e.g sulphide formation), composition of the protective 
film (e.g incorporation of organic species) and changes in the 
electrochemical structure of the metal/corrosion product/solution 
interface.
The renewed emphasis on an alloy which has been used, 
successfully in heat exchangers since the 1940*8 is stimulated in 
past by a new use for the alloy in pfsfl farming inclosures and
sheathing of oil and gas rigs. These applications are in the open 
sea and protection of the surface against microorganisms and their 
products by chlorination for instance is impossible. Thus a more 
detailed and systematic study in seawater seemed advisable. A 
knowledge of the composition and properties of the corrosion 
product films formed in seawater with different ecological systems 
would be a major contribution to the understanding of the effect of 
microorganisms and water chemistry on the electrochemistry and 
corrosion of the alloy.
In planning a new study of the corrosion of this alloy , 
emphasis was placed on the availability at the University of Surrey 
of advanced surface analysis instruments such as X-ray 
Photoelectron Spectroscopy (XPS) and Auger Electron Spectroscopy 
(AES) in combination with the Scanning Electron Microscope (SEM) 
and the Microprobe Analyser as well as on the considerable 
experience accumulated in the use of electrochemical techniques for 
corrosion research in seawater. The use of XPS instrument would 
enable the detection of films on the surface of only a few atom 
layers in thickness. Thus it is possible to examine the development 
of very thin surface deposits and reaction products at currents in 
the rest potential range and with no artificial acceleration of 
corrosion. In addition the shallow sampling depth can permit the 
handling of such more complex test media and simplification is no 
longer necessary. The combined use of surface analysis and
2
electrochemistry proved to be a powerful research tool which helped 
us to collect a large volume of new data, and contribute to the 
knowledge of the mechanism of corrosion process. The new program 
*Betacrunchf was applied to the processing of electrochemical data 
and facilitated the fitting of experimental points to the 
theoretical Tafel relationship.
»
Finally, a range of tubes from different power stations and 
test rigs were also studied by surface analysis techniques, in 
order to provide an adequate relation to the laboratory corrosion 
studies*In that way, and in conjunction with the results of the 
laboratory it was possible to ascertain the contribution of the 
individual elements of the corrosion product to the passivating 
nature of surface films.
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2 Literature Survey
2.1 Material
2.1.1 Introduction
The Copper-Nickel-Iron (CA706) alloy is often preferred for sea-water 
services to many other copper-base alloys since it has been used 
successfully for many years in different fields .It has proved its 
durability and resistance in many aggressive marine environments: where
the water velocity, turbulence and salinity are fairly highjwhere the
highest temperature is encountered; and where reliability is most 
important; it is relatively inexpensive and yet durable in difficult 
situations. It also has good features because of its biofouling
resistance. It has become standard in most naval vessels and is used 
increasingly in merchant ships and coastal power plants, offshore
platforms, oil refining, petrochemical and desalination plants. Table
2.1 lists, for different fields, the advantages of this alloy compared 
with other copper-base alloys and also gives their general properties. 
According to many reports from coastal power stations,its higher * first 
cost1 in condensing systems is more than compensated by long term 
savings in maintenance and replacement, the ease of fabrication, and the 
fact that neither coating nor cathodic protection (by sacrificial anode 
or impressed current) are necessary.
The unique combination of resistance to pitting,stress corrosion
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cracking, general corrosion resistance and resistance to fouling and 
many other advantages have led to a substantial increase in the use of 
this alloy mainly for condenser tubes,fish farming (which will be 
briefly explained) and also water piping, marine water boxes, offshore 
structures cladding, naval ships,etc.
Although, the use of this more durable metal despite its relatively 
high initial cost may prove more economic, the designer needs to know 
when the material will serve his need, i.e with adequate mechanical 
properties, heat conductivity and corrosion resistance. In other words, 
the choice of the tube alloy must be based on an adequate consideration 
of all the relevant factors: design, operation, maintenance ,the
reported performance, the mechanical properties of the alloys and the 
test results. The latter are important with reference to the corrosion 
properties of the cooling water, its salinity, degree of pollution, pH, 
temperature and content of abrasive particles. If the salinity 
increases above a value of about 2000 ppm of total dissolved solids or 
at high flow rate, impingement attack or erosion corrosion will take 
place on many alloys e.g 70/30 Brass or Arsenical Al-Brass ; in this 
case 90/10/1.5?Fe (CA706) alloy is the choice. Copper-Nickel alloys are 
also preferred to Al-Brass if the media are polluted because the latter 
is subject to pitting attack [1].
6
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2.1.2 Condenser Systems
2.1.2.1 Introduction
One of the main applications of 90/10/1.5?Fe alloy is in heat 
exchangers and condensing systems (fig 2.1 and 2.2). Power plants have 
a condensing system which consists of thousands of tubes (e.g for a 500 
MW unit, 18340 tubes which are 19.8m in length with an o.d of 25 mm and 
a thickness of 1.2mm [2]) through which cold water from sea, river, 
estuary or cooling tower system circulates. Sea water with a total 
dissolved solids about 35000 ppm, of which about 20000 ppm are chloride 
ions, is the natural water with among the highest concentrations of 
dissolved salts. The tubes are the interface between the corrosive 
media i.e seawater and pure water required for the operation of boilers 
or heat exchangers.
Failure of the tubes even by the production of a pin hole usually 
brings about the shutdown of a whole generating unit at a total cost of 
about 1000 dollars per hour [3,4]. Failure would cause an even more 
serious problem in nuclear power plants, so a very careful consideration 
in the choice of materials and design of power plant is required. The 
material chosen as a condenser tube must have properties such as high 
thermal conductivity, good corrosion resistance and good mechanical 
strength,as described above.
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Fig 2.2: General View of the Heat Exchanger & Condenser Tubes System 
Fig 2.3: Fish Farm
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2.1.2.2 Type of Corrosion Reported by Power Generation Boards
Corrosion of condenser tubes was a great problem during the first 
quarter of this century [5]. Average expected life for tubes is
normally 6-9 years but premature failure of tubes can be attributed to 
water velocity, water chemistry,sediment, debris, shells [6] and many 
other factors affecting tube life (e.g in Sweden due to low temperature 
of the cooling water the life span of the tubes is shorter than the 
average estimated life which is ~ 10 years [7]). In early times the 
chief reasons for the failure of condenser tubes were mainly 
dezincification and impingement attack of the tubes of 70/30,Brass or 
Admiralty Brass or Aluminium-Brass.The addition of 0.02-0.06? Arsenic 
proved to be an effective inhibitor of dezincification but failure of 
brasses due to impingement attack continued [7]. The developement of 
alloys resistant to this type of attack was a great step forward and 
immediately reduced the incidence of failure. Cupronickel alloy 
containing iron was employed as a best material. Other sorts of 
problems with which most power stations are faced are briefly 
summarized as:
a) Pitting attack : Pitting attack which is often localized in a
small region (by a local cell mechanism) will necessitate the removal 
or plugging of an entire tube if the pit penetrates the tube wall. 
Pitting is observed in some copper base alloys, other than cupronickel 
[8]. Pitting has been mostly observed when, water velocity is below 
about 1 m/sec since suspended solids tend to settle on the tube surface 
and cause local cell action due to differential aeration [5,7,93*
b) Sand Erosion and Erosion Corrosion
10
Erosion or mechanical attack has been observed ,when the cooling water
contains large quantities of abrasive solid particles, leading the
condenser to be thinned rapidly by erosion [2,7,10]. Erosion-corrosion
or impingement attack' (partly mechanical and partly electrochemical or
chemical processes ) do not necessarily occur because of high flow
velocity or local flow disturbance in the system, but are also
dependent on other parameters such as: water pH, the dissolved oxygen
content of the water, temperature and the gas or solid which is present
r
[11]. It also has been found that impingement attack occured when the 
formation of the film was counteracted [12]. Cupronickel alloys 
because of their good mechanical properties show a very limited number 
of failures under erosion conditions (at velocities below 3 m/sec) 
[13].
c) Hot Spot Corrosion
When a local high temperature occurs on the outside surface of a tube, 
highly localized and rapid pitting corrosion develops on the cooling 
water side of the tubes [7].
d) Stress-Corrosion-Cracking and Corrosion fatigue
This sort of attack occurs when static stress or dynamic stress (e.g 
vibration, periodic change of temperature ) is imposed on metals. Many 
copper-base alloys can suffer this problem [1,8], but most researchers 
believe that 90/10 copper-nickel is very resistant to SCC and no 
cracking has been reported even in contaminated water[7]. However, 
under conditions of corrosion fatigue, design, construction and
operation are as important as alloy choice since the difference between 
different materials is less marked than in the case of prdinary 
corrosion or stress corrosion [7].
e) Corrosion bv Seawater
The electricity generating boards require access to water for cooling 
purpose. Sea water, owing to its availability and abundance, is widely 
used at sea and in coastal regions but there are inherent problems of 
marine fouling mainly in two areas: i)in discharge pipes, which then
affects water flow and pumping cost (A report from Poole power station 
shows that up to 300 tones of mainly mussels and barnacles were 
manually removed from the inlet [14]); and ii)in the condensers, where 
scale formation [15],and biological growth will affect the heat 
transfer efficiency [16]. It has also been found that the rate of 
corrosion in sea water is high in stagnant water because even a slight 
flow may tend to even out variation in the local water environment and 
will thus reduce the severity of local attack [17]. Above a critical 
velocity corrosion rate again increases severely.
f) Corrosion in Polluted Condition
In condenser tubes a severe problem arises from the use of polluted 
cooling waters [10,18] which results from decomposition of 
micro-organisms and plants [ 19]. This putrefaction considerably 
changes the chemistry of seawater i.e decreases the pH and increases 
the sulphide level thus accelerating the corrosion rate [20,21]. This 
problem has been observed with almost all copper base alloys [5,19]* 
Among the pollutants, h$<frojem sulphide is most effective in enhancing 
corrosion of copper alloy tubes. An examination of a tube corroded by
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polluted seawater showed that the slimy deposit is very rich in 
sulphide [10]. Hydrogen sulphide results from the metabolism of 
sulphate reducing bacteria (SHB) in organic material,particularly 
sewage, under anaerobic conditions. Another harmful compound from the 
corrosion point of view is ammonia, which is found in polluted harbours 
and severly affects corrosion reactions, especially the pitting of 
copper alloys [1,22]. Further effects of pollutants are briefly 
reviewed elsewhere [23].
g) Air Bubble Impingement
This sort of attack is caused by bubbles striking the metal surface and 
eroding away any protective film. In this case the point of 
impingement will remain anodic to surrounding cathodic area, and 
because the water contains enough dissolved air to support the cathodic 
reaction, the impingement enhances its corrosivity [1,24].
Problems of other kinds, such as bimetallic corrosion, crevice 
corrosion, selective attack and stray current corrosion are possible 
but due to their lesser importance in this field, they should be 
referred to the literature [1,7,25-28].
2.1.3 Fish Farm
Fish farms are in the form of cages of size 10,x20,x10l and there is a 
considerable advantage in making them in a non-fouling material such as 
Copper-Nickel (CA706) alloy. These cages are required to be very strong 
and withstand storms, wave stress,and also attacks by seals and other 
predators.Figure 2.3 shows the first prototype cage developed by the
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International Copper Research Association Inc.(INCRA), which was placed 
in a fish farm on the coast of Maine in 1977.From its satisfactory 
performance the following conclusions may be drawn: a) The
Copper-Nickel alloy mesh will last at least ten years and probably much 
longer,while the life time of other materials are much shorter; b) 
Maintenance costs are substantially reduced ; c)the risk of stock loss 
is considerably less ;d) stocking densities can be higher in rigid 
non-foulig cages and e) stocks are healthy and appear to grow more 
rapidly in Copper-Nickel alloy cages [29].
2.2 Effect of Minor Elements on Corrosion Resistance of Cupronickel 
Alloys
Plain 90/10 Copper-Nickel alloy does not have a good corrosion 
performance, e.g severe corrosion will occur near a mudline where 
sulphide from the mud and the alloy material react and the corrosion rate 
can increase to 50 mdd. By contrast the Fe modified alloy exhibits an 
excellent corrosion resistance when submerged, having a corrosion rate of 
less than 0.7 mdd [30]. This is an example of a well known effect in 
which a minor element imparts increased corrosion resistance to an 
alloy.Other examples are: the addition of arsenic which has improved the
resistance of brass to dezincification [31]; and aluminium in brass 
which gives durability in marine environments. Another example is that 
the corrosion resistance of aluminiurn-bronze can be significantly 
improved by addition of chromium and silicon [32]. Many alloying 
additions have been tried to prevent stress-corrosion-cracking attack in 
brasses which has been reduced markedly by the addition of Silicon
[13.
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Iron was added first to 90/10 cupronickel in 1930 and this was 
responsible for the commercial acceptance of this alloy [33]. Many 
investigations have been conducted on the effect of iron as an alloying 
element in cupronickel alloys [34,35],establishing that this element is 
essential for good corrosion resistance [36]. It also has been mentioned 
that cupronickel alloys are especially resistant to high velocity 
seawater when they contain a small amount of Fe and sometimes 
Mn[33,3T].For the cupronickel alloy, with 10$ nickel, the optimum Fe 
content is about 1.0—1.75% with 0.75$ Mn maximum [25]. Generally 
recommended iron is 1.5$, however, in some case the optimum content may 
increase to 2$ [23]. One effect of iron is to lower the nickel level
required for a good corrosion resistance from 30$ nickel without iron to 
10$ with 1.5$ iron [35]. Experiments on Cu-Ni alloy in seawater showed 
that the significant improvement in corrosion resistance was particularly 
associated with Fe in solid solution. This was especially so in high 
velocity seawater [38].
2.3 Mechanism of Corrosion and Inhibition
The reason why cupronickel-iron alloys exhibit such a good corrosion 
resistance, relative to copper, has been the subject of many studies. 
The mechanism of the passivation process of this alloy in 3.4$ NaCl, 
artificial seawater or natural seawater together with the effect of the 
corrosion product film,have been examined. It should be mentioned that 
synthetic salt solutions e.g 3.4$ NaCl have often been chosen as test 
media to simplify the complexity of the seawater i.e the contribution of 
the various constituents present in seawater to the corrosiveness of the 
water has not been investigated as fully as the number of studies on the
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corrosion of alloy CA706 would suggest. North and Pryor [39] used 3.4$ 
NaCl as a preferred test medium and found that a film primarily composed 
of lepidocrocite (IfFeOOH) can be electrophoretically deposited on a Cu 
cathode from a NaCl-FeSO^ solution which then protects the metal 
against corrosion by polarizing the local cathodes.lt has no detectable 
effect on the anodic dissolution. They speculated that the 
iron-containing-film found to form on Cu-Ni-Fe alloys had a similar 
influence. Other workers [40] believe that this film reduces the erosive 
action of seawater and enables the true protective film to form beneath 
it on the surface of the alloy. Stewart and LaQue [34] and other workers 
[41] came to the conclusion that the film on solutionized iron, which was 
in the form of hydrated iron oxides, increased the corrosion resistance 
of the alloy. This opinion was formed, in the past, from the observation 
that a protective film also built up on the tube when the cooling water 
contained a small amount of iron [33]. Following this discovery, the use 
of 1 Iron Anode* method in 1948 by Evans and ferrosulphate injection in 
1961 by Bostwick were suggested. Although there were still doubts about 
the mechanism of protection in using ferrous sulphate dosing as an 
inhibitor [2], Castle et.al [4] by means of XPS, investigated the 
protective films on Al-Brass condenser tubes, finding that the iron-rich 
film on brass is usually porous and exerts a protective action on an 
underlying film by its erosion resistance. Effertz [42] investigated the 
application of ferrous sulphate dosing in cooling systems, concluding 
that an iron oxide film is formed above the actual protective cuprous 
oxide which interlocks it. Gasparini et.al [40] came to a similar 
conclusion that lepidocrocite formed on the surface as a result of the 
interaction of negatively charged iron oxide with the positive *zeta* 
potential cuprous oxide film.
Popplewell.et.al [38] demonstrated that in quiescent 3.4$ NaCl 
solution, the corrosion rate decreases with increasing Fe content in the 
alloy and that metallurgical treatment to either solutionize or
precipitate iron in the alloy was of secondary importance. Their 
metallographic studies showed that all alloys were essentially single 
phase with the exception of the alloy containing 1.5 % iron in the
precipitated state. This material exhibits second phase and was found to 
be magnetic in nature. It was assumed that this second phase was in the 
form of a Ni-Fe solid solution. Moreover, they found that a complex Fe 
phase on the corrosion product film, which is mostly precipitated Fe(iii) 
compounds, has a very high ionic resistance and was responsible for the 
increased corrosion resistance of the precipitated alloy. They further 
clarified that precipitated iron phase seemed to be advantageous in 
quiescent solutions while in flowing seawater for which adherence has an 
important role, solutionized iron would be preferred because it guards 
the protective cuprous oxide layer. Evans [43] pointed out that cuprous 
oxide should be a primary corrosion product in nearly all neutral Cl” 
ion solutions. This film as many other workers suggested was a
protective layer. North and Pryor emphasized that the improved corrosion 
resistance of CA706 alloy is due to the incorporation of nickel into the 
defective Cu20 lattice which forms a high ionic and electronic
resistance product. This was confirmed by Efird [44] who analysed the 
corrosion product film, applying a chemical stripping technique to obtain 
data on the influence of iron and nickel. Iron had a significant effect: 
with cupronickel without iron, free nickel was not observed in the 
surface film and an excess of oxygen was found. When iron was present, 
Ni was found in an unoxidized state and some nickel(II) enrichment of the 
Cu20 layer had occured. Ijsseling et.alf131 concluded that the next to
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the Cu^o layer a complex iron phase appears, which increases the ionic 
resistance of the layer. Their work partly supported the conclusion of 
Popplewell but the experiment was undertaken in isolated (one litre 
volumes) seawater being refreshed 5 times a week and using rotating 
cylindrical electrode (with a rotation speed of 1500 rpm). They [45] 
attributed the formation of an initial thin and protective film to a high 
flow rate (>0.5 m/sec) of the seawater. This film has a good adherence 
as compared with the layer formed in stagnant or slowly moving water.(It 
is worth mentioning that Tuthill [17] believed that more rapid motion of 
water reduces the thickness of static water layer at the surface of metal 
enabling the corrosion agents to reach the metal surface more easily. He 
also pointed out that lower water velocity can give a chance to marine 
organisms to attach and serve as a barrier to reduce or eliminate the 
accelerating effect of higher velocity). They investigated the factors 
affecting the formation process such as composition,microstructure and 
homogenity of the corrosion product and also the factors which have an 
important role in the mechanism of formation concluding that: a) The
thin film consists of mainly Cu^O whereas the thick corrosion product 
is Cu^OH^Cl; b)The layer of corrosion product is not homogeneous 
at all; and c)The mechanism of layer formation i.e direct oxidation, 
dissolution or precipitation and oxidation in solution were proposed as 
three possibilities depending on the history and condition of exposure 
i.e temperature[46],flow velocity, oxygen content [47]» seawater 
chemistry,pH,chloride concentration, composition and microstructure of 
alloy [46]. Their later work [48] showed that: i)the general corrosion
behaviour of Cu-Ni-Fe alloy is very much dependent on the microstructure 
of the alloy and less on Fe-content ;ii) the homogenized alloy exhibits a 
good corrosion resistance ;iii) the alloy with discontinuous precipitated
structure shows a lower corrosion resistance ;and iv)alloy with 
continuous precipitated phase, performs similarly to homogenized alloy. 
Kato et.al r 4Q1. by exposing the Cu-Ni-Fe(1.7$) to air saturated 3.4$ 
NaCl and analysing the corrosion product by SEM,XPS and X-ray 
diffraction, concluded that the protective film which formed had the 
following features: a)a thick and loose outer layer of , mainly,
C^COPDgCl (paratacamite) and an inner layer containing appreciable 
chloride ,oxygen,copper (in the form of cupric oxide) and some nickel 
ions; b)the protective film was rich in chloride, with a maximum 
concentration along a plane located near the metal/inner layer interface 
which was relatively poor in Ni and Fe, c)In the early stages of growth, 
the initial layer was probably Cu2o which gradually converted to, cupric 
basic carbonate and finally to cupric oxide or paratacamite. They
believed that the latter compound is responsible for the siowing-down of 
the anodic reaction. Blundy and Pryor[50] by using the X-ray diffraction
technique found that the outside layer mainly contained C u ^ O H ) ^ ^
while closer to the metal Cu20 was present. Many other researchers 
[45,51,52,53>...] by using similar methods came to the same conclusion.
2.4 Colour of the Corrosion Products Film
As far as the visual appearance of the film is concerned, Stewart and 
LaQue[34] and Poppelwell et.al [38] attributed this to the concentration 
of iron and to whether iron was in solid solution or precipitated state. 
If the percentage of the iron was 0-0.5$ a green layer was found and for 
1.5-2.5$ iron the colour changes to black [41]. When the iron was in 
solid solution the layer was gold-brown in appearance but when sufficient 
precipitated iron was present the layer became darker [34]. These ideas
were to some extent supported by Drolenga et. air481 with an addition that 
homogeneous alloys are always brown irrespective of the iron content; 
only in case of continuous precipitated alloys does colour depend on the 
iron level. They found that in discontinuous precipitated alloys, a 
brown-black colour was always observed. Efird [44] observed a brown 
layer when Ni enrichment occured,whereas the film which did not have free
nickel in the Cu^O layer was black to green-black in colour. However, 
the relationship of the composition and iron content to the colour has 
proved useful in discussing the distribution of iron on the tube surfaces 
[4].
As far as the thickness of the film is concerned, it depends on many 
factors which affect the process of film formation such as chemistry of 
solution, temperature,flow rate, microstructure and many other parameters 
which have not been mentioned. Drolenga et.al [48] found that on 
homogenized alloys, the thickness of the film is ~ 1-3*5 micrometers 
while on continuous precipitated it is 1.5-5 and on discontinuous 
precipitated, 11-19 micrometers. Information about the texture of the 
film is very scarce but Macdonald [47] concluded by using SEM that pores 
were present. This was also observed on the discontinuous precipitated 
alloys [48].
As regard to the composition of the film, corrosion engineers require 
information on its influence on the corrosion rate. The corrosion rate 
is usually measured either by the weight loss of test pieces or by the 
electrochemical method. The latter is one of the most common technique 
which has been employed and this will be discussed later.
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The addition of another minor element, manganese, is less important 
but it is added for metallurgical and fabrication reasons [54,55]. For 
instance, manganese increases the solubility of the iron [48]and acts as 
a deoxidizer in casting process. A detailed discussion on the effect of 
additional constituents such as aluminum, silicon, chromium has been 
published elsewhere [23].
2.5 Marine Microfouling
2.5.1 Introduction
Micro-organisms i.e bacteria,diatoms,fungi and algae present in marine 
water,firmly attach to any submerged solid surfaces. They produce 
extracellular polymeric substances [56,57] or mucilaginious material 
[58] and form a tangled mass of fibers which is termed 
*biofilmf.Generally speaking, the disturbing effect of biofilms is 
called 'fouling1. Biofilm consists of a complex accumulation of 
numerous attached microorganisms ,their secretions and organic-mineral 
gel [57,59]. The consequence of a slime film is the alteration of the 
chemical and physical nature of the surface [60]. There have been many 
different ideas about the mechanism of microfouling ;interpretable by 
chemical and electrochemical criteria. Some literature on the chemical 
criteria will be reviewed in this section but the electrochemical ones 
will be discussed later. Characklis and Cooksey [57] explained the 
sequence of the biofilm development in terms of physical,chemical and 
biological aspects as: a) transport of organic molecules and microbial
cells;b)adsorption of organic molecules to the surface ;c) adhesion of
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the cells ;d) metabolism by the attached microbial cell and ;e)
detachment of portions of the biofilm. Although this is a general 
classification of microfouling sequences on which most microbiologists 
are in agreement, it has been hypothesized that many factors, for
instance the composition, temperature, pH, flow rate of solution [61]
and specific water treatments e.g by chloride addition, may affect the
mechanism of the above mentioned processes.
Seawater is thus rather more than a solution of chemicals. It is 
obviously a biological medium in which the continuous biological 
activity may influence its corrosive characteristics. In natural seawater 
the formation of the protective layer is likely to be influenced by the 
microorganisms present, by their creation of oxygen concentration 
gradients by production of carbon dioxide, ammonia,sulphide or by some 
complex organic byproducts which may change the pH of the 
microenvironment [56].
Corrosion associated with the life process can occur in various ways 
either directly or indirectly (as a result of metabolic cycle ) through 
the interaction with inorganic agents. These substances can act as an 
oxidation /reduction system and so act as depolarizers or catalysts in 
the corrosion reaction [62]. Biological activity plays a considerable 
role in the corrosion of metals. Garret [63] suggested that the 
corrosive action of water on lead is caused by nitrogen compounds which 
are produced from ammonia by bacterial break-down of organic matter. He 
further found out that transformation of nitrite to nitrate by 
oxidation, increases the aggressiveness of water. In 1921 Grant et.al 
[64] discovered that the rate of pitting of brass condenser tubes was
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seriously increased by the ammonia, which could be produced by bacterial 
action from sewage. It was also found that pits under organisms 
attached to the surface were often deep [65].
Due to the large amount of the water with which a typical copper 
alloy installation will have contact,it is difficult to sterilize by 
disinfectant (e.g by chlorine addition) at an economic level. The only 
possible solutions are to render the environment unacceptable to the 
microorganisms or to understand and control the role of mineralogical 
and biological structures on the surface. It is thus essential to study 
the effect of organic components by use of 1living seawater* since there 
are normally excluded from the synthetic solutions. In other words the 
problems of simulating behaviour in natural seawater by using synthetic 
solutions is further aggravated by the presence of living both macro 
and/or microorganisms and their secretions.
2.5.2 Composition of Seawater
Salinity is the most important factor of water.Almost no corrosion 
problem arises on any tube when fresh water is used [7*253'- If the 
salinity exceeds a certain value (about 2000 ppm of total dissolved 
solids) impingement attack or erosion corrosion will take place [3]. 
The common average salinity of open ocean water is ~ 35 ppt (part per 
thousand). The approximate average concentration of some of the 
constituents are listed in table 2.2 [1] with some physical properties 
such as density, temperature, electrical resistivity,etc are strictly 
dependent on the composition of water.(e.g resistivity of pure water is 
20 million ohm.cm while that of seawater is about 30 ohm.cm. This value
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of course is dependent on the chlorinity of water i.e as chlorinity of 
the water rises,the resistivity drops) The equilibrium oxygen content of 
seawater is dependent on temperature, salinity and depth. It increases 
with lower salinity and lower temperature. Seawater has a marked 
buffering capacity and its pH usually stays between 8.1-8.3» but marine 
life may either increase the pH (by reducing carbon dioxide, content) 
or decrease it(as a result of yielding hydrogen sulphide and consuming 
oxygen) resulting in changes in the solubility of corrosion 
products[66]. Heavy metals, such as Fe,Cu,Sn,Se,Co,Mn,Mo,U,Ni,...are 
normal constituents of the marine environment [67,68],and are found in 
varying concentrations in marine organisms and many are known to be 
essential for the living processes. From the microfouling point of 
view, many investigations have been carried out on the effect of 
environmental and microbiological growth rate on the composition of cell 
and their extracellular activity [69].It has been found that the 
composition of water significantly affects the physical and biological 
structure of the biofilms [57]. Effertz [42] proposed that the
composition of protective layers varies according to the type of cooling 
water,and the protective film often consists of a large amount of
cooling water solids such as silica, phosphate, carbonates and organic 
matters. The two former substances increase the adherence and the
structure of the biofilm.
However, hydrological studies of seawater at the Harbour Island 
Corrosion Lab showed that the basic conditions of seawater varied as: 
(See next page)
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Factors Min. Max.
Temperature(°c) 2 27
Dissolved oxygen
(fcSatura.'fcfon )
75 100
Salinity(ppt) 32 38
pH (value) 7.9 8.4
It should be mentioned that oxygen content may vary from 7.7mL/Litre to 
a "negative value" in the anaerobic condition e.g in the Black Sea [70].
Table 2.2 Major Ions in Solution in an f0PEN-SEAf water[1].
Ions Grams/kilo
Total salts 35.1
Sodium 10.77
Magnesium 1.3
Calcium 0.4
Potassium 0.3
Strontium 0.01
Chloride 19.3
Sulphate 2.71
Bromide 0.065
Boric acid 0.026
Dissolved Organic matter 0.001-0.0025
Oxygen in equlibrium
with atmosphere at 15°C 5.8 cc./Lit.
25
2.5.3 Types of microorganisms participating in fouling
Seawater, especially estuarine water contains a large variety of all 
types of micro-organisms. There have been found more than 2000 
different planktonic and zooplanktonic organisms known to be responsible 
for fouling [71].Although it is not intended here to discuss in detail 
the microbiological characteristics of microorganisms , certain groups 
require the attention of practical corrosion engineers. The most 
important of these are bacteria which produce hydrogen sulphide from 
sulphates [62]. These normally live and multiply in the complete 
absence of oxygen [1], They are even more active in locations where 
there is a trace of oxygen such as stagnant areas where fermantation 
phenomena have reduced the local oxygen level [72,73]. These bacteria 
produce hydrogen sulphid^/which rapidly uses up any oxygen present. Since 
these bacteria can live in seawater,any locality which contains waste 
products, can be heavily contaminated with hydrogen sulphide. It should 
be noted that sulphate reducing bacteria (SRB) may grow under any type 
of deposit that creates anaerobic condition^ [22]. On the basis of 
information now available,it appears that the corrosive effect depends 
upon the activity of SHBs either to remove cathodically produced 
hydrogen or to produce sulphides[72] (although because of the position 
of copper in the electrochemical series the production of hydrogenase 
would not accelerate the corrosion of copper).
Two other group of bacteria which produce direct-acting corrosion 
accelerators are those which metabolize nitrogen compounds and those 
which produce sulfuric acid. The latter, called Thiobacillus. only grow 
in condition that are already acidic(pH=5) [74].
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2.4 Examples of the algae occurring in the various freshwater and marine 
associations. (A , B) Freshwater and marine epipsammic, epilithic, and epiphytic.
(A ) 1. Opephora, 2. Fragitaria, 3. Achnanthes on sand grains, 4. Chamaesiphon,
5. Chaetophora, 6. Ulothrix, 7. Cocconeis, 8. Ca/othrix on rock, 9. Tabe/laria, 10. Oedo- 
gonium  (also with Achnanthes, Cocconeis, and Eunotia), 11. Characium, 12. Ophio- 
cytium, 13. Gomphonema, 14. Cocconeis, 15. Aphanochaete on plant material.
(B ) 1. Raphoneis. 2. Opephora. 3. Fragiiaria, 4. Amphora on sand grains, 5. Fragitaria,
6. Rivnlaria, 7. Navicula (in mucilage tube) on rock, 8. Striatella, 9. Acrochaetium,
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Of the large number of diatoms reported to participate in fouling, a 
few types are shown in fig 2.4 [16].Among these.Amphora s d d .  was found 
to be the predominant diatom colonizing the surface of cupronickel after 
25 weeks of exposure [75]. Hall [76]investigated the antifouling 
property of copper and copper-base alloys under laboratory conditions 
using the copper-tolerant algae Ectocarpus silioulosus. and found that 
there was no long lasting settlement on cupronickel alloy for most of 
the time but that a small biomass of algae was present. Swain [74] 
studied the life history of specific macrofouling organisms on different 
copper-base alloys by classifying them into: a)Green algae
(Enteromorpha) from the planktonic kingdom and b) Barnacles, as 
representative of sessile animals, as listed below:
Enteromorpha is capable of settlement and growth.Settlement will occur 
within seconds in response to a high level surface contact at water 
velocities up to 10.7 Knot [60].
Barnacles, the best known of all fouling organisms are found attached to 
free floating subjects in open water or rocks and small stones in 
different oceanic zones. It should be mentioned that in the case of 
condenser tubes the macro-organisms are mostly filtered-out by a 
rotating sieve but micro-organisms still exist [17] and should be 
considered.
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2.5.4 Factors Affecting The Life of Fouling Organisms
Micro-organisms which are responsible for microfouling are classified by 
Swain [74] as: a)Global, which are mainly influenced by climate and b)
Local which are known to be governed within a given region by light 
intensity, tidal amplitude ,wave energy, salinity,turbidity and other 
ambient parameters.Many workers studied the factors affecting the 
attachment and growth of micro-organisms e.g surface condition, texture, 
light,colour [77-79] and the nature of the film preformed on the surface 
[74]. Zobell [80] and other researchers [81] studied the process of 
attachment in laboratory conditions and concluded that time of 
attachment is entirely dependent on temperature, but some others [82] 
believed that the time of attachment is independent of temperature but 
depends on the availability of food. O'Neil and Wilcox [60] found that 
on a newly immersed non-toxic susbtrate, settlement by bacteria usually
|r
occured within a period of 2 to 4 hours, and by diatoms within 8 hours. 
Three interrelated major parameters which vitally affect the whole 
aquatic microbial system were investigated [16] and are as follows:
a) Nutrient depletion has been shown to be responsible for the decline 
of the growth of some diatoms [83].Silica is the main nutrient of 
diatoms supplied via recycling from the lower water and is easily 
exhausted.Some other algae require carbon which is supplied by carbon 
dioxide solution , carbonates and biocarbonates.
b) The radiation flux reaching the sea surface has a very important 
role on the life of all photosynthetic organims [80]. (Tuthill [17] 
is of the opinion that fouling is most severe in the first few hundred 
feet of the ocean where salinity, dissolved oxygen,high temperature 
and light exist.)
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c) Current flows in the open sea transports waste products and 
supplies nutriets to different regions.
Other important environmental factors that have been studied are 
dissolved substances and salinity [84] which have a decisive role on the 
mechanisms of fouling and corrosion. These increase the chance of 
organisms settling in a favourable habitat.
2.5.5 Prevention of Microfouling
Different antifouling techniques and methods have been investigated.
The main methods which are used in power stations may be outlined as:
1) Chlorination with NaOCl. This method is widely used. The time of 
application varies from one power station to another. The average 
doses are normally between 0.2-5 ppm,but this depends on the condition 
of the environment and chemistry of water[12]. The restriction of 
this method, apart from some environmental and industrial hazards 
[85,86], is that certain organisms such as barnacles and mussels are 
unaffected by the biocidal action of chlorine.In other words, it does 
not have a broad spectrum of activity against all microbes and does 
not control all the troublesome species likely to be encountered.
2)Using Biocide; This method is also used but biocides have many 
characteristics which make their manufacture complicated and 
consequently costly [87]. In addition, it is not economical to use 
the biocides in once through system in which cooling water is 
discharged after performing its cooling function [74].
Swain reported that non-toxic methods such as ultrasound, magnetic
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field,air bubbling and mechanical removal seem to be unsuccessful. He 
developed the electrochemical control of metal biocides for the 
prevention of marine fouling by keeping the metal at cathodic current 
to prevent corrosion but periodically applying brief anodic c u r r e n t  to 
release copper ions. In this mode antifoul ing is achieved by the 
dissolution of metal biocides. He found that production of cuprous 
oxide which dissolves in seawater releasing copper ions is responsible 
for the antifouling action but he believed that this method when applied 
in * non-copper-base1 alloys will have some restrictions.
Some other methods of prevention such as cooling water treatment 
[15], coating [2,39]> mussel filtration [10], etc. have also been 
recommended.
2.6 Electrochemical Techniques for Corrosion Rate Determination
2.6.1 Introduction
Since many corrosion phenomena can be explained in terms of 
electrochemical reactions, the use of electrochemical techniques in 
corrosion ha$u gained a wide acceptance as a powerful research tool. 
The techniques are increasing in popularity among the workers in the 
field of corrosion, due to their rapidity and because of the use of 
computers to process the results.
Electrochemical techniques have been used in both basic and applied 
corrosion work. Their use originated from the need for a method to
measure the protective quality of the layer of corrosion products and to 
obtain values which are theoretically and practically related to the 
corrosion rate. Electrochemistry involves a number of separate 
techniques: for measuring and calculation of corrosion rate,
polarization behaviour, corrosion potential and electrode activity. The 
electrochemical method also finds applied use in different branches of 
industry, such as alloy development, environmental effect, corrosion
resistance of thin film coatings, passivity etc. (for a review see 
[88])
2.6.2 Basic Background
The corrosion of a metal in most aqueous environments is dominated by 
electrochemical processes that tend to convert the metals to their 
chemically combined states [89,90]. If a solid metal is placed in a 
solution one of the following anodic processes may take place [25,91]s
M 5^-MfZ+ze“ ----- — --------- - ( 2 . 1 )
°r M  Q + 2 H%2 e---- --------- (2.2)
Depending on the nature of metal and solution [92], a neutral metal atom
changes into metal ions carrying z charges separated from z
electrons.This process continues until solid metal reaches an 
equilibrium with its solution [43]. At this stage the electrode 
potential of the metal is termed the|Reversible Potential or Open 
Circuit Potential, jThe reversible potential is determined by
measuring the difference in potential between the metal and a standard 
reference electrode (e.g calomel electrode[91]). This general corrosion 
reaction produces a flow of electrons proportional to the valence of
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metal ion produced. The mixed potential theory [93] which describes 
this flow,has an important role in electrochemical corrosion tests. It 
is based on the postulation that at the corrosion potential the 
oxidation and reduction currents can be separated [94]. Thus the total 
rate of all oxidation reactions is equal to the total rate of all 
reduction reactions on a corroding surface. In other words , according 
to Tafel [95],in practice more than one electrochemical process is 
occuring at a measurable rate on the surface of a naturally corroding 
metal. A corroding system comprises mainly anodic and cathodic partial 
currents which are algebraic additives. In a practical interpretation 
of a corroding system they are summed to give one anodic and one 
cathodic current [96].The equation below then defines the current 
flowing externally at a certain potential E as [97]:
I=(Ianodic-Icathodic)  (2.3)
At corrosion potential,
E:I Ianode =Icathod  (2.4)
According to Wagner and Traud [93] »the more common cathodic reactions 
encountered in aqueous corrosion are as follows:
1)Hydrogen reduction in the absence of oxygen and in acidic media;
2H++e-=H2  (2.5)
2)Oxygen reduction in acidic solution;
02+4H++4e-r2H20  (2.6)
3)0xygen reduction in neutral solution;
02+2H2Of4e-=40H~  (2.7)
4)Metal ion reduction;
M*+e-=M 2.8)
5)Metal deposition as equation 2.1.
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In 1905 Tafel[95] found that the current I equivalent to the rate of 
a single reversible electrode reaction on a metal surface is related to 
the potential of the metal by:
E=a+b log(I) ------ (2.9)
Where E is the potential measured with respect to reference electrode, 
Ban and "b” are constant and expressed as Tafel slope mv/decade.The 
Tafel equation has been confirmed widely for individual reversible 
anodic or/and cathodic reactions.
For anodic E-E*=banoi0g lano/Icorr ----(2.10a)
Similarly E-E*=boati0g Icat/loorr ----(2.10b)
Therefore I /i*=exp 2.3(E-E*)/be  (2.11)
Where E*,b ,and b are potential,anodic and cathodic Tafel constant, 
ano cat ?
Substitution for I&n0 and Ica£ in equation 2.11, considering that 
*cat *s neSative an(* ^ano *s P°sitive» equation takes the form:
I/I*= (exp 2.3(E-E#)/ba -exp 2.3(E-E*)/bc} ----(2.12)
This is a very useful and basic form for general rate determination ,but 
it is applicable to any corroding system with one oxidation and one 
reduction process [98], and where some of the factors e.g temperature, 
the concentrations of the dissolved reactants and the surface condition 
of the electrode are constant [99].
The Tafel line for the partial anodic and cathodic current which 
coincides with the polarization curve is obtained when
(E-E#)>2.3(RT/F) and (E-E#)<-2.3(RT/F) for anodic and cathodic 
processes respectively [94]. It has been found that many real corroding
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systems comply with equation 2.12 very closely if two of the possible 
electrode reactions have significant partial current and the reversible 
potential for those two reactions is far from E*. The above equation 
becomes more complicated when one of the reversible potentials is close
t
to E [96]. In other words if one of the two dominant reaction 
occurs at constant rate e.g diffusion controlled, bc=-oq the equation 
becomes:
I/I* = {exp 2.3(E-E*)/ba -1 }  (2.13)
2.6.3 Electrochemical Methods
Electrochemical methods of corrosion testing have contributed 
significantly to the measurement of corrosion rates and interpretation 
of corrosion phenomena [89,100], since the corrosion rate can, in 
principle, be obtained directly from the anodic current density by means 
of Faraday*s law [90].The difficulty of measurement arises because the 
anodic current is not directly measurable since it is exactly balanced 
by the cathodic current. However,it is possible to estimate it by using 
a variety of methods described in the literature [88,89]• These are 
briefly reviewed in the following sections.
Polarization method.
As was explained earlier, the rate of cathodic and anodic reactions 
usually follows Tafel behaviour (equationX'H).These relationships are 
diagramatically shown in Fig. 2.5 and, together, define the
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polarization curve viz:the net external current flow as a function of 
the electropotential of the metal. Fig 2.5 shows I vs potential E. 
This curve is the summation of various types of polarization i.e
-Slope =  R
Resistance
polarization
Activation
polarization
Limiting current
Concentration
polarization
/ i i !
/
/
Total
polarization
Fig . —2.  Schematic representation o f polarization types. Total polarization is the
sum: O'A  +  O 'B  +  O 'C  =  O 'D . (In  practice, total polarization is observed, 
and the contribution made by the various types must be determined.)
concentration, activation and resistance polarization curves to give the 
total polarization which is schematically represented [101].
The solid parts of the curve are Tafel lines for partial anodic and 
cathodic currents which coincide with the polarization curves when the 
approximation E-E*>2.3(RT/F) and E-E*<-2.3(RT/F) represent the 
anodic and cathodic processes respectively. Polarization curves fulfill 
the requirements of a rapid electrochemical test providing the Tafel
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lines can be calculated from the curve in order that the point of 
intersection can be extracted. This method has yielded a calculated 
corrosion rate that corresponds to the rate obtained from conventional 
long-term immersion test [102]. This technique has been used for 
studying inhibition processes by evaluating the slope of the log/linear 
segment[103] Fig.2.6 A&B. They have also been used for the evaluation 
of the degree of protection given by coatings [97]. The general 
applicability of polarization curve to practical corroding electrodes is 
experimentally well established [104] and this relation is the basis for 
most electrochemical methods determining the corrosion rate [90].Some of 
the "sub-methods” which are widely used within this method are briefly 
described as:
a) Potentiostatic method
This provides a qualitative overview of the corrosion process 
[26,105].Some important information such as the ability of material to 
undergo spontaneous passivation in the particular medium, the range of 
potential at which a metal remains passive and the corrosion rate in the 
passive region could be obtained by this method [105,106]. This method
iis also useful in studies on the mechanism of formation and growth of a
A  .
passive film [13*107] and is interpreted by means of the fPourbaix 
diagram1 [108],which was modified for the Cu-Ni alloy system by Efird 
[W.
b) Extrapolation Method: This method has been utilized widely for
measuring Tafel slopes. Since the corrosion density is related to the 
flow between numerous microscopic anodic and cathodic sites on the
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Fig. 2.6: Evaluating the Slope of Anodic & Cathodic 
Curves[103]
corroding metal C109]»it cannot be measured directly and easily. The 
convenient measurement is obtained by extrapolating the linear segment 
(on logarithmic scale) of the curve to corrosion potential ( Ecorr 
). Tafel constant designated nban and ”bcn of equation12 must be 
calculated for both anodic and cathodic portions of the Tafel plot. 
These values are used to calculate the corrosion rate from 
polarization data [110]. The corrosion current density can be
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converted to corrosion rate by the relationship:
Vy= °-128 W  e/d -- --(2.1 i)
In which R=corrosion rate (mils per year),I is corrosion current
v v ”  X
density, e=equivalent weight of specimen and d=density of the specimen 
[ 111].
The limitation of the above equation is that, it describes the rate of 
pure metal which has a known density and equivalent weight. In alloys 
containing a number of major elements of differing densities and 
equivalent weights a computation must be made of partial distribution 
of the various alloying elements [102]. The extrapolation technique
for measuring Icorr depends on the ability to identify the linear 
Tafel region. This technique has been used in laboratory tests, but 
in the case of a corrodent in which more than one reduction reaction 
occurs or in which concentration polarization exhibits less distinct 
linear region, the extrapolation would be less certain [112,113]. 
Stern and Geary [9H] proposed that there were two interfering 
phenomena which complicate the measurement i.e concentration
polarization and current drop, "it is worth mentioning that some workers 
were of the opinion that concentration polarization was observed when 
the concentration of reducible species in the environment is small 
[111]. At low current density and in highly conducting
solutions, resistance polarization becomes negligible. Polarization
occurs when the reaction rate is so high that the electroactive 
species cannot reach or be removed from the electrode surface at a 
sufficiently rapid rate and therefore the reaction rate becomes 
diffusion controlled. There are,however, few limitations associated
with this technique for measuring open circuit corrosion current
density e.g polarization by a few hundred millivolts from the corrosion
potential may disturb the system and makes further measurement with
the same electrode almost impossible. Barnatt [109] wa^ of the
opinion that this technique fails in some corroding systems because of
an interfering electrochemical process e.g anodic dissolution at high
potential is often followed by passivation, which can distort the
log(I/E) plot before the linear region is established. The cathodic
Tafel slope can still be obtained from the cathodic polarization curve
provided the latter exhibits a linear log(I/E) section. For this
reason he suggested and developed a method termed a * three point*
method which was general and applicable within any potential range.
He selected three points on a polarization curve at points AE=E-E*
2AE and -2AE and measured the essential parameter i.e I ,bc andcom*
ba by formation of quadratic equation as:
D2-R2U + (H,)1/2=0 — ------(2.15)
where R^  ± s I2AE/I-2AE and R2=I2AE/I . By solving the above 
equation two roots, exp 2.3(E-E*)/ba and exp 2.3(E-E*)/bc will be 
calculated.Since this method is based on experimental measurement it 
requires high precision.
Mansfield [114,115], by means of a computer, calculated the Tafel 
constant by the *few step* method which is based on the following 
equation(2.16&17)
*corr =1/2-3 x ba.bc/(ba+bc)(dl/dt)tc0rr.  (2.16)
Icorr =1/2.3 x ba.bc/(ba+bc)(1/Rp){exp 2.3(t-tcorr )/ba-exp -2.3(t 
“^corr^/k0 }
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a)determining polarization resistance in terms of (dI/dt)=1/Rp by 
drawing a tangent to the curve.
b)determining ba and be from the plot 2.3RpI vs t r- ,by curve
fittingjand c)calculation of IcQrr from equation 1 by a simple
computer programming. It should be mentioned that in' equation 16-17
the letter 11 ’ has been defined as potential.
In 1982 Greene et.al [98], to avoid the limitation resulting from
the Tafel extrapolation method, produced a computer program for
analysis of electrochemical data. Because of its relevance and
importance to our work it will be discussed in detail (see section -
3.3.2). A similar work has also been described by Damborenea [116].
2.6.k Advantages and Limitations of Electrochemical Techniques
The advantage of electrochemical techniques over the weight loss 
method (i.e determination of corrosion rate by measuring the weight 
loss) is that although the latter method is more direct [32], more 
attention should be paid to the corrosion type,as the weight loss 
method can only be applied to uniform corrosion. In the case of 
cupronickel alloys the corrosion rate decreases with time resulting in 
a relatively great weight loss during the first period of exposure. 
Therefore misleading and false results may be drawn from the weight 
loss method if it is assumed to be linear in rate and also, when 
pitting or localized attack occurs, the method gives no indication of 
the depth of the attack. Another advantage of the electrochemical 
method is also that it can be used to measure the corrosion rate 
without removing the specimen from the environment or even
significantly disturbing it [88].
In spite of the vast applicability and extensive use of 
electrochemical techniques , some uncertainity and difficulties exist 
such as:
a) the dependence of the data on the measuring techniques which need 
calibration in an empirical and independent way [107]; b)the 
interpretation of polarization measurements for an unfilmed surface is 
rather complicated, because the requirements of a stationary condition 
are often difficult to fulfil and necessitate a very slow potential 
scan by which the reversible change becomes more possible [13]> c) 
due to the occurrence of some complicating reactions producing 
irreversible surface films, special care should be taken in handling 
the data by using a proper method of plotting and correct 
interpretation of "breaks" in the polarization curve [94].
2.6.5 Interpretation of Corrosion bv Electrochemistry
The electrochemical theory states that metals corrode by formation of 
local cells on their surfaces [89]. When corrosion occurs,the 
electron release and electron consumption are in mutual balance, 
therefore by using this fact,the corrosion rate could be reduced by 
lowering either one of the reaction rates.For instance, the corrosion 
of iron and steel in neutral aqueous media can be controlled by the 
rate at which oxygen can be transported to and reduced at a cathodic 
site [11] by the reaction 2.7. and thus the corrosion of these alloys 
is greatly reduced by decreasing the oxygen content. In the case of 
copper-nickel alloys, however, it has been established that the 
cathodic reaction sites become inhibited [117] and the alloy is then 
insensitive to the oxygen content of the media.
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North and Pryor [51] by using the electrochemical method suggested 
that the layer of cuprous oxide was formed epitaxially by direct* 
oxidation of the alloy as reaction below:
2Cu + H20= Cu20 +2H*+2e  (2.18)
and the minor part of the anodic current will be carried by the 
reaction
Cu=Cu+ +e----------------------- (2.19)
Baccarella and Griess [118] showed that anodic dissolution of copper 
in chloride solutions is diffusion rather than activation controlled 
and the reaction of importance is:
Cu+ 2C1’= (CuCl2)i +2e- --- (2.20)
=(CuCl2)s --- (2.21)
The subscript of !i*and fsf show concentration at the copper solution 
and bulk solution interface respectively. They further explained that 
rate determining step 1 is the oxidation of copper and step 2 is the 
transport of CuCl2 to the bulk solution. A possible explanation for 
the presence of Cu20 is hydrolysis of CuCl2 within the diffusion 
layer i.e:
CuCl2 rCu +2C1 ----- (2.22)
They concluded from Fick* s first law that Cu20 should begin to 
precipitate at pH of about 8.2.Huleu [92] in addition to this 
proposition showed that potential E at constant anodic current varied 
with chloride concentration according to the relationship
dE/dlog[Cl]=2[2.3RT/F].
Swain [74] proposed a simple chemical model to describe the 
reactions occurring in seawater at the copper surface in the cathodic 
and anodic region. In cathodic conditions calcium carbonate which may 
contain some magnesium carbonate and other inclusions is formed.In 
anodic conditions copper initially forms cuprous oxide,but at higher 
current density these may further react to form the copper 
hydroxychloride Cu2(0H)gCl.
One influence of microfouling which is predicted by simple
ia!
electrochemical theory is the formation of a different^ aeration cell 
under a microbial colony [62]. In the case of cathodically inhibited 
metals such as Cu/Ni, this influence is probably unimportant. This 
type of microbial corrosion is not dependent on active growth, with 
the possible exception of sulphide corrosion initiated by SRBs but the 
role of these in the corrosion of copper alloys is still uncertain. 
Charcklis et. al [57] briefly explained in terms of electrochemistry 
that the biofilm which is a polyelectrolyte material, may serve as an 
electron sink at the cathode and act as a molecular sieve that varies 
the ion mobility near the metal surface.
2.6.6 Correlation of Electrochemistry with Surface Analysis
Chemical changes to the surface can be effected by electrochemical 
reactions. Understanding these phenomena requires detailed surface 
characterization as a function of electropotential charge flow and 
time of exposure. During the course of exposure a hierarchy of layers
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may be formed according to the potential change the surface has 
experienced. An average value, as obtained by scraping, stripping, or 
other means of bulk analysis cannot be related to the corrosion rate 
at the time of sampling. Thus a method of analysis is required to 
monitor a small layer machanism within the significant region of the 
scale. These are: the outer layer at which redeposition from
solution occurs ; and the innermost layer where metal loss and 
electron exchange reaction are likely to occur. The thinner the layer 
sampled the closer it will relate in time to that at which it was 
sampled. A method which is suitable is XPS, described below.
2.7 XPS (ESCA) Studies
2.7.1 Introduction
X-ray photoelectron spectroscopy (XPS) is one of the most powerful and 
sensitive techniques for surface studies.It is growing in popularity 
as a general analytical tool,specifically in the area of surface 
analysis. It has been used to characterize the surface of metallic
Before the technique known as XPS became available and was developed 
for material analysis,it was not possible to conduct a direct analysis 
of the passivating films by other means. It has been almost two 
decades since this technique was introduced by Siegbahn under the name 
of ESCA (Electron Spectroscopy for Chemical Analysis) [ 119] which is 
frequently used interchangeably with X-ray excited photoelectron 
spectroscopy (XPS).He showed that the binding energies of the core
polymer>',minerals, organic coating and many other surfaces.
electrons of an atom are sufficiently affected by the chemical
environment of that atom to cause a detectable shift in the
photoelectron spectrum ,an effect that Siegbahn termed the chemical
shift.This technique allows the investigation of electronic structure, 
providing a picture of atomic orbitals for solids, of molecular 
orbitals for gas phase species, of the valence band density of state 
and core level relaxation energies. In addition to its surface 
sensitivity, XPS is capable of providing chemical information such as 
oxidation state and chemical bonding as well as elemental 
compositions. XPS finds application where the chemical binding state 
of the surface atom is important or where the sample is easily 
degraded in the other techniques.The analysis of a surface by XPS 
gives an opportunity to follow the growth of both minerals and organic 
deposits on a metal surface and to recognize differences.
2.7.2 Basic Principles
The mechanism of XPS analysis is that a solid surface is irradiated by 
monoenergetic X-ray (typically Al-Kc< and Mg-Kc<) photons of 
frequency which penetrates the sample to a depth of 10-20 um and over 
that depth may be absorbed and excite the photoelectron from inner 
core level of any of the elements present. This results i'n the 
ejection from the sample of core electrons from atoms close to the 
surface. These core electrons with binding energy Ebg and emitted 
kinetic energy given by:
h^= Ebe +Ek +Er +W -------(2.23)
where Ebg is the ionization or binding energy, Ep=recoil energy
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and W is work function which is relatively constant ,but affects the 
measured value of the photoelectron kinetic energy. In practice the 
equation is simplified to equation below as:
Ek = h^-Ebe  (2.24)
Elemental identification is possible from the measured binding
energy or the kinetic energy and composition can be determined from
the relative intensities of the photoelectron peaks in the spectrum.
The kinetic energy of the ejected electron is measured using an
electrostatic or magnetic analyser. The number of photoelectrons 
excited from an element depends on its photoelectric cross sections 
which are now well established [120]. The relationship between 
chemical and physical distribution was expressed by Castle [121] as:
9°
J(z)=Jsin(8)[Z]J exp(-X/flSin(©))dx exp(-d/Asin(8))K.--- (2.25)
Where is the number of electrons received from a given quantum 
level in a given species, J is the photon flux, Q is the angle to the 
specimen, [Z] is the concentration of a given element, X  the
electron mean free path and X  is electron cross section on a scale 
taking fluorine at unity. The last exponential term relates to the 
contamination layer formed on the top of film (e.g a sample which has 
been taken out of the seawater). K is the instrumental collection 
efficiency.
The measured core level binding energy is the characteristic of 
the chemical state and electronic environment of the atom concerned 
and reflects both the Madelung potential and the relaxation of the 
electronic structure as the electron is ejected. A general problem
with oxides is their tendency to generate an electrostatic potential 
under irradiation which confuses the chemical shift. Castle et. al 
[52,121,122] employed this technique to investigate in detail the 
composition and characteristics of the surface of corroded 
samples. They showed that the core binding energies of the electron in 
the atoms of elements are increased by an amount which can be 
disinguished in the photoelectron spectrum for only some elements. 
The photoelectron spectra for some oxides such as
FeO,Cu^o,ZnO,.. .are indistinguishable from those of their metals. 
The detection of these oxides has therefore been facilitated by using 
photo excited Auger electrons [121,123].
E *  = +Kqi +qi/(ij) -------(2.26)
ft
where =measured binding energy,E^=standard binding
energy, Kqi= central atom potential and qi /(ij) is the flladlung 
potential.
*
Since E^-E^chemical shift, E^ cannot be a reference because it 
is effectively floating. This charging effect may be overcome by
using a low energy electron flood gun which fixes Ei [120].Another
e
method is the use of the Auger parametr =BCEaug-KEp when KEaUg 
and KEp are the kinetic energy of most intense Auger and 
photoelectron peak. The intensity of the signal observed is dependent 
on the amount of material present, the mean free path (HFP) of the 
electron and the absorption efficiency of the exciting X-ray by the 
sample material. Consideration of these factors together with other 
factors affecting photoelectron binding energies, peak shapes and 
splitting has been discussed in detail in the literature 
[119,125-130].
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2.7.3 Application of XPS to Aqueous Corrosion Studies
Areas in corrosion research receiving benefit from the surface science 
have been tabulated by Castle [121]. He was able to employ this 
technique to investigate in detail the composition and characteristics 
of the surface of corroded samples. In conduction with 
electrochemistry XPS has been used to analyse the oxide film produced 
by anodic oxidation of high noble metals [131,132] or the passivation 
of copper-nickel alloy exposed to sodium chloride solution at 
different electropotential is another study involving XPS [133].
2.7.4 Comparison of XPS with other Surface Analysis Techniques
Almost all existing surface analysis methods in a reasonable period of 
time have been reviewed by Dylla [134], Riggs et.al [125] and to some 
extent by Powell [135] and others [136,137].To compare the relevant 
superiority of XPS with some of the other well known technique of 
surface analysis,few examples have been drawn as follows:
a)least damage is done to the surface of sample during analysis by XPS 
(e.g in AES electron beam damage to specimens such as organics, 
glasses, adsorbants, is a considerable limitation and surface analysis 
by SIMS is totally destructive.
b)XPS provides unique information on the chemical state of an element 
which is not gained by other techniques.
c)XPS is more accurate quantitative measurement than AES since back 
scattering of the primary electron beam and electron-beam damage can 
influence the Auger-electron yield [138].Other techniques have been 
more difficult in quantitative analysis.
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d)identification of the surface film by using X-ray diffraction method 
is not always successful because of the non-crystaHinity of some of 
the corrosion products or when the film is very thin. In addition by 
use of X-ray diffraction one may only detect the corrosion product as 
a mass and will not reveal whether or not the composition changes from 
one layer to another.
e)XPS performs surface analysis measurement at relatively moderate 
vacuum levels.
f)Hydrogen can not be detected directly by XPS but can be determined 
by SIMS.
g)Crystallographic structure can not be studied by XPS but some 
morphological structure can be detected e.g layer sequence can be 
determined, Ellipsometry may be more rewarding for layer-like 
materials.
h)0f the surface analysis technique,XPS has the poorest lateral 
resolution , therefore,the studies of localized corrosion process may 
bring about a difficulty.In this case SAM (Scanning Auger Microscopy) 
is preferred but this technique is susceptible to surface charging 
particularly in deep corrosion pits.
i)Chemical interpretation of XPS data following ion bombardment is 
still an uncertainty since the ion etching process can cause changes 
to the surface being examined. For example, the bombardment of an 
oxide surface by Ar+ ions can cause chemical reduction of the 
surface to a lower oxide or to the metal C139]• All techniques suffer 
this disadvantage.
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2.8 Objective of The Present Study
It is clear from the above review that there has been no investigation 
of the interaction of organic with inorganic substances in the 
corrosion of CA706 alloy using modern sensitive instruments such as
XPS, in conjunction with electrochemical techniques. The purpose of
\
V*
this work sgeics to correct this and is outlined below:
a) fjjr^tiy to investigate and compare the corrosion of commercial 
Cu-Ni-Fe alloy in * living1seawater and NaCl solution and to determine 
the mechanism of the corrosion process in the presence and absence of 
a protective corrosion product. This will be done by means of 
electrochemical techniques i.e anodic and cathodic polarization and 
by determination of the uptake, location and role of the minor 
elements in the layer hierarchy of minerals.
b) to study the interaction between the ecological variation in 
microfouling sources and the formation of corrosion products. For 
this reason, different ecologies to be established in aquaria charged 
with seawater which is filtered to different levels,enabling the 
development of mineral growth and biodeposition to be studied.
c) to characterize and investigate the role of the mineral species 
formed at a controlled electropotential after a variety of treatments 
in natural seawater and 3.4$ NaCl under laboratory conditions. Due 
to the complexities of seawater i.e salinity, 
composition,concentration of organic matter and inorganic pollutants, 
etc. it will also be necessary to simplify the problems, by use of a 
synthetic solutions of controlled composition. In most cases the
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simplest medium will be used is a solution of 3.4$ sodium chloride as 
many researchers have already used.
d) to observe the interaction of the minor elements with the 
iron-rich layer and correlate the electrochemical behaviour with the 
nature of the species on the surface of the variously treated 
samples.
e) the surfaces produced in exposure trials of alloys in natural 
seawater have not so far been exposed to the analytical investigation 
which is practicable and available in the Surface Analysis Laboratory 
of the University of Surrey. It is therefore important to undertake 
the analysis of a range of tubes from different power stations and 
test rigs in order to provide an adequate relation to laboratory 
corrosion studies. The experimental methods necessary for the above 
investigation are described in the following chapter
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3 EXPERIMENTAL
■4b
3.1 Material Composition
The composition of the test material used in the laboratory work is 
shown in table 3.1. Cupronickel specimens, with a size of 2x2 cm 
attached to a handle measuring *1x55 mm, as shown in Figure 3.1 * were cut 
out from slit rolled condenser tubes supplied by YIA (Yorkshire Imperial 
Alloys Ltd ).They were rough ground and given a final polish using 600 
grade emery paper and were then placed into deaerated H2S04 (10$v) for 
20 minutes.This was followed by a rinse with methanol and they were then 
dried in a desiccator for 2M hours.The reverse side, handle part, and 
edges were isolated from the solution by Lacomit masking (as shown by 
the hatched part ). A few samples were also prepared by acid pickling 
followed by methanol rinsing or were used fas delivered1 and untreated 
without any attempt to remove oxide film formed during their 
manufacture. The handle was soldered to copper wire for connection to 
the potentiostat. The sample was designed to provide three test pieces 
simultaneously: a)one for surface analysis by XPS ;b)one for analysis
after mechanical removal of the loose corrosion product i.e by rinsing 
with demineralized deaerated water or by extraction with $ellotape or 
cleaning the wet surface by dry cloth,etcjand c)the third part was kept 
for either an X-Ray diffraction test, microprobe, or SEM studies. By this 
design sample handling difficulties in XPS analysis were also avoided.
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Table 3.1 Composition of Test Specimen Analysed by YIA. 
Element Cu Ni Fe Mn Ag S Pb Zn Bi
% Balance 10.5 1.6 0 .9  0.01 0.01 0.01 0.1 <0.001
Some other elements e.g Al, Sn,Sb,...gave indication 
corresponding to less than 0.01$ in each case.
1
Copper Wire-
Fig 3.1 Test Specimen.
3.2 Seawater
Sea water was always collected from the Solent supply used by the Marine 
Biology Station of the CEGB at Fawley power station, Southampton. It 
was transported (in 80 litre bins )forty miles to the laboratory at the 
University of Surrey, Guildford and divided into three parts to meet 
different ecological requirements (Fig 3.2). The first part was 
filtered under pressure using a pressurized cylinder (Fig 3*3 )  linked in 
turn to a prefilter and a filter of 0.22 micrometre, the second part was
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Fig. 3.2:
Set of Aquaria
TANK 1
Filtered To 0.2 qm
Tank 2
Filtered To 25jjm.
Tank 3 
Unfiltered.

filtered to 25 micrometre by a cylidrical 1 Gamma 12*filter,and third 
part was used unfiltered. Each part was then charged into one of three 
glass aquarium tanks measuring 30x*10x90 cm (104 litres).
The other important specifications of the three aquaria designed to 
give reproducibly different ecologies are explained below:
a) Each tank was provided with a bottom bed of sterile gravel and was 
aerated. This was in order to enable the metabolism of macroscopic and 
microscopic organisms to proceed.
b) They were illuminated by "Trulite" fluorescent light tubes (30W) for 
12 hours/day.
c)The intensity of light was greatest on the raw water and least on the 
highly filtered tank (tank 1 )as listed in table 3.2.
56
Fig. 3.3: Pressurized Cylinder Filter
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Table 3.2 Illumination Condition of The Tanks.
Condition Tank 1 Tank 2 Tank 3
Top of the tank 
from outside
1360(DIN) 2800 3200
Top of the tank 
from inside
2200 3200 3400
Over the sand
from outside(horizon) 127 320 -
Over the sand
from outside(vertical) 100 200 380
d) The temperature of the tanks remained uncontrolled between 17-22° C 
for six to ten weeks i.e the usable life of the water (period
of experiment).
e)The pH value of the media remained between 8.0 and 8.2.
f) The ecological variety of the surface organisms, introduced by the 
different initial levels of filtration, persisted throughout the 
experiment period and was monitored by exposing glass slides and cover 
slips in a rack immersed in the aquarium and by taking samples from the 
aquarium walls.
g) The development of free floating planktonic population of algae was 
precluded by the inclusion of air-lifting action in the under-gravel
filtration systems which had a dual role of aeration and clarification 
of the water by drawing all suspended materials down onto the gravel 
surface [833•
h) To sterilize the gravel of the filtered tanks it was first washed by 
hot water, then distilled water, and autodaved at 250-300°C before 
charging.
i)To prevent airborne contamination tank 1 was covered by polythene and 
isolated.
Microbiological Characterization
a)Chlorophyll determination was carried out on 1 litre samples of water 
from the tank which had been set up and checked for 10 weeks by 
microbiologists [83].
b)The most highly filtered tank (1),remained very clear and unstained 
for several weeks but brown stains appeared and eventually colonised the 
gravel and the walls of the tanks. The floating algae were those at the 
air/water interface at the surface of the water and were dominated by 
diatom Amphora s d p . whose growth started immediately in tank 2 and the 
aquarium was soon heavily stained with their colonies. The colour of 
stains eventually faded and examination then showed them to be dead. 
The water analysis showed that significant drop in phosphate and nitrate 
had occured (Fig 3*^) at this time.
c)Amphora was never predominant in the unfiltered tank (3). Instead the 
walls became stained with blue-green algae and a green growth of 
Vaucheria and Enteromorpha appeared on the gravel of the aquarium 
floor.
Under these conditions Tanks 1 & 2 exhibited a red tinted bloom of
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Fig. 3.4: Composition Variation in the Laboratory Seawater Tank.
diatoms in the first week of the exposure which remained for three weeks 
in tank 2 and longer in tank 1. No trace of these organisms was
observed in tank 3. When tank 3 remained unaerated with no light, it
putrefied (traces of sulphide compounds are found on the surface of the 
samples in unaerated water only 24 hours after establishment).
So,from a microbiological point of view ,the tanks provided three
distinct waters: the first was filtered free of microorganisms, but
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inevitably some bacteria were present due to contamination ;the second 
was dominated by Amphora s p p . . and in the third, green algae and 
blue-green algae were present. We have studied therefore, on a 
comparative basis, the surface chemistry under electrochemical control 
in each of these waters.
3.? Electrochemistry
For the purpose of our work the Tafel slope,b= dE/dlog(I) (section 2.3) 
was considered as an experimental quantity characteristic of a 
particular anodic process Bban or cathodic process nbcn and the 
corrosion current (^corr) determined as the intersection of the Tafel 
lines. The potential-current curve was used to obtain the Tafel lines 
established by stepwise changing of the potential at a rate determined
by experiment as described below. As was explained before, the equation
fitting the current-potential curve in the region of the rest potential, 
developed by Wagner & Traud [93], has the form of equation 3.1 which
contains two exponential terms on the right hand side
I/I* = {eXp2 -3CE-E*)/ba.ex52.3CE-E*)/bc } _ „ (3-1)
#
For large values of E-E the magnitude of the negative term becomes 
negligible.
1=1* (exp2-3(E-E*)/ba ) ----(3.2)
enabling the Tafel slope * baT to be determined from a semi-log plot and 
at large negative valuei of E*-E the anodic part is negligible and 
enables •bo* to be obtained.
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I=I# (exp “2*3(E-E )/bc  ^  (3.3)
It has been found that real corroding systems comply with equation 1 if 
only two of the possible electrode reactions have significant partial 
currents. This in turn requires that the reversible potential for these 
two reactions be far from E* (corrosion potential). Unfortunately 
non-reversible reactions frequently prevent the observation of a linear 
region on the semilog plot and to overcome this problem Green [98] 
introduced a computer method to solve the general equation directly for 
*baf and 'bemusing data in the mixed potential (non-linear )region. 
This program is called Betacrunch and after slight modification has been 
used throughout the present work (section 3.3.2).
3.3.1 Electrochemical Equipment
3.3.1.1 Electrochemical Cell
The glass electrochemical Dell (Fig 3.5) is cylindrical in shape and 
designed for working in either aerated or deaerated atmospheres 
(deaeration. may be achieved by bubbling nitrogen through the 
solution). Outlet and inlet valves control the flow rate of water 
which is syphoned from the aquarium tanks by a tube. The cell has 
overall height of 20 cm and is provided with two openings at the sides 
for connection of the saturated calomel electrode (SCE) and counter 
electrode. The counter electrode is a platinum plate soldered to 
platinum wire immersed in KCl.This electrode is separated from the 
test cell by a cylinder containing polyacrylamide gel (see the next 
section).The reference electrode "R.E" has been separated from the 
cell by a high resistance frit, on the capillary tip, in order to 
prevent the diffusion of foreign ions into the electrolyte
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Fig 3.5: Electrochemical Cell
Sample Holder 
Test Sample
Platinum Counter Electrode 
Calomel Reference Electrode 
Inlet 
Outlet
Acrylamide Gel
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r
[107>1^0].The distance between counter electrode and specimen is 5 cm 
but the probe L of the reference electrode is placed close to the 
working electrode "W.E" thereby minimizing an extraneous potential 
caused by "IR" drop through the electrolyte. The correct distance of 
the probe L from the working electrode is approximately 1-4 probe 
diameters to reduce its disturbing effect on the distribution of 
current at the electrode [25>141,142,143].
The electrochemical cell was also designed to be immersed in hot 
or cold water bath when the effect of temperature was under study.
3.3.1.2 Aerylamide Gel
Acrylamide polymerized in buffer solutions forms a stable and flexible 
transparent gel which is used in zone electrophoresis and permits good 
ionic transport. The process by which the gel is formed is a
cyanogum in acid or alkaline buffers produced a satisfactory gel for 
use in electrophoresis.The gel is optically olear and colourless. The 
important function of the gel is to act as a membrane to prevent the 
precipitation of magnesium hydroxide or calcium carbonate at the 
cathode when seawater is used. For this purpose this gel has many 
advantages over other agents.
Preparation of Gel
Following the procedure mentioned by McGILL AMcENANY [144],the 
following processes were carried out in the preparation of the gel:
15? w/v Acrylamide, 0.8? w/v N-N!-methylenebisacryalmide and 0.1 grams 
Ammonium-persulphate were added to 30 cc NaCl 3.4? solution which was
ation cross-linking reaction and it was found that 3.5?
then deaerated for 5 minutes. 20-25 microlitre of TEMED 
(tetramethylethylenediamine ) was added and the solution was stirred 
to ensure homogenization; it was then poured into the cylindrical 
link tube and the reaction time for gel formation was about 5 minutes.
3.3.1.3 Potentiostat
A Wenking Potentiostat, model LT 78 Fig(3.6) was used in our 
electrochemistry tests.This instrument provides a direct reading of 
the control voltage ,the rest potential of the cell and the cell 
current. The potential difference of the reference electrode versus 
the working electrode within the electrochemical cell is transferred 
by the "potential output "terminals. The cell current, indicated by the 
current meter ranged from 100 microamp to 1 amp full scale deflection 
and recorder terminals are provided for connecting up an external 
recording instrument. The recording of the current vs potential was 
carried out with a Rika-Denki chart recorder. Operating error of the 
instrument was kept to a minimum by current limitation at the output 
and input overload protection.
To avoid any disturbance by stray electric fields the cell was 
shielded by grounding any neighbouring metals. The cell was also kept 
away from any electric equipment.
The rest potential of W.E vis R. E could be easily measured by 
switching from "Ec" to "Er" with the instrument selector switch, 
supposing all the connection to the cell were ready. When switching 
over from Er to "I" all electrodes were connected.
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Fig. 3.6 Electrochemical Equipment
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3.3,1.4 Stepping Motor
The Wenking Scanning P o t e n t i o m e t e r  SM 69 (Fig 3.6) was used throughout 
the experiment. The output potential was controlled by the
potentiometer slider indicated by a 1000 division dial.Each step of
•  _
the motor changes the dial indication by one division. The output 
voltage in this instrument changes stepwise in 0.1% steps of the 
complete range i.e in step of 1 mV in the 1 V up to 10 mV in the 10 V 
range.The stepping rate of 0.03 to 300 step/min was available, but in 
our work the range of 1-100 step/min was used.
The initial potential of the experiment could be preselected 
within the range of the control voltage source of the potentiosat. 
Thus, scanning with the preselected change rate from a cathodic 
initial potential to anodic polarity or vice versa was possible. 
Ii3.t.1-t5. -Voltage.integrator
A Long Term Voltage Integrator, Wenking model EVI 80 (Fig 3.6) was 
used in combination with the potentiostat. This instrument consists of 
a high-quality integration capacitor charged by an extremely low 
leakage operational amplifier.lt integrates the input signal upto a 
precisely set voltage level detected by a discriminator circuit.The 
integrating capacitor is discharged to zero within a short time and 
charged again. The number of discharges is counted by a dual four 
decade counter separately for each polarity.Every digit of the four 
decade counter can be adapted by the range switch from 1 Voltsecond at 
maximum sensitivity to 1 Kilovoltsecond at lowest sensitivity range in 
eight steps.Since Wenking potentiostats have a built-in current to
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voltage converter, the integral measured in voltsecond should be 
converted into amperesecond or coulombs by a simple calculation 
depending on the potentiostat current range. For example if the
switch is on the range of 0.1,and in view of the fact that the maximum 
output of the potentiostat is 200 mV, the resistance of 200/0.1=2000 
ohms should be used in calculation. This equipment can be included in 
the circuit as the counter electrode connection of the electrochemical 
cell. The integration period is set by manual operation, unless it is 
already controlled by the potentiostat programe.
3.3.1.6 Logarithmic Output Current Sink
A Logarithmic Output Current Sink,Wenking Model MLS 81 (Fig 3.6), able 
to convert the absolute value of input current to K.log(i) output 
voltage was employed in this work. It is easily used in combination 
with the potentiostat. The potentiostat, operating as a linear current 
to voltage conventor, can be connected into the current path of the 
working electrode WE;the original working electrode cables of the 
potentiostat for current and potential are fed to the "Bias" terminals 
of the MLS, the current cable to the left hand black "C" and the 
potential connection to the right hand black nPn terminal. This 
instrument was used as a converter for recording current density vs. 
potential curves,requiring a logarithmically compressed current axis.
3.3.2 Computer Programming for Calculation of the Tafel Slopes
In experiments in which the polarization behaviour was under study,the 
sample was to be polarized to a potential at least seventy mV either 
side of the corrosion potential in order to obtain sufficient data for 
reliable calculation of the position of the Tafel lines. In tne
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present work the use of the computer program facilitates the 
extrapolation method regardless of whether the points have been chosen 
from the curved or linear part of the polarization curve. Since the 
calculation of the corrosion data is very complex, due to the nature of 
the Tafel equation, the equation cannot be solved algebraically. The 
program is based upon the solution of equation 3.1 by a numerical 
method of least squares to enable the theoretical curve to fit the set 
of experimental points. By the computer program, the Tafel slope may 
be obtained in the mixed potential region where no actual Tafel line 
has been observed. In addition, the anodic and cathodic Tafel 
constants can be calculated from individual anodic or cathodic data. 
Since the results are only a function of the data accuracy ,the program 
fails if the data is too scattered. The data including the value of 
the Corrosion potential1 are fed into the program as "Potential, 
Current" which automatically determines the polarity of the applied 
current i.e anodic or cathodic on the basis of the corrosion potential. 
The program has been listed in Appendix A where the modification of the 
program are also described.
As was mentioned earlier the program was modified in few stages as 
follows: 1) The program had been originally written for Apple
Computer. It was changed to general Basic language syntax to be used 
in the Prime computer.
2) A few lines were added to the program to store and transmit the data 
to the Gino-Graph plotter.
3)Since the corrosion potential covers a range of few mV, the program 
was modified to do the best 1 curve fitting* with the required corrosion 
potential within that range.
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The program which was modified to this stage is listed in Appendix A. 
i|) The more significant alteration of the program, from mathematical 
point of view, was to use the ’Least Square * method rather than the 
Average method. Although the results obtained by either program were 
mostly identical and majority of limitations related to the nature of 
the equation, the following restrictions were overcome:
a)The program originally required sequential data rather than random 
data.
b)The program could be run only by using data in sets of three points. 
Different results were deduced when these sets were chosen from the
different parts of the curve. To monitor the ’best fit’, using the LLS
method, the maximum numbers of points were fed into the program. Minimum 
average diversion values were obtained by avoiding any chart-recording
errors and taking the mean value from a D. V. M. The data points are
shown by a symbol and the polarization curve calculated from the values 
of IC,BC and BA is drawn as a solid curve. Figure 3.7 is the direct 
printout of the screen display. In order to determine the general 
validity of the method it was found that the set of experimental pairs 
chosen within the polarization region (as shown in Fig 3.7) did not
affect the minimum error obtained by any initial guessed values for BC,
BA and Ic.
3.3.3 Experimental Procedure
The test sample was inserted in the electrochemical cell and water was 
drawn from the aquarium (when seawater was used) or a container (for 
NaCl solution) by a gyphonic action and a slow flow through the cell 
was controlled by the inlet and outlet valves of the cell. The rest
potential was measured. Since the rest potential rapidly varied with
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time, especially in the first 5 minutes, the sample was immersed for 20 
minutes before scanning was started. The rest potential (open circuit 
potential )was measured. Although all the samples were prepared to a 
standard condition, different Figures of rest potential were recorded 
varying from -170 to -220 mV(SCE). This was not an unexpected 
observation, as some workers have reported that the rest potential in 
seawater is not constant and that it varies with many parameters such 
as oxygen content, water velocity,temperature and the metallurgical and 
surface conditions of the sample. All the potentials in this work were 
measured and are quoted with respect to the saturated calomel electrode 
(SCE). Since a corrosion test exposure at constant potential may 
provide a control over the oxidizing or reducing power of the 
metal-electrolyte system, a comparative study of the surface chemistry 
for different water types has been made at the potentials marked 
A,B,C,D,E,F and G on the curve (Fig. 3.8). These points represent the 
points at which the surface becomes anodically passive, anodic critical 
current point, entirely anodic, a point in the mixed potential region 
at which an anodic current is just registered, corrosion potential, a 
mixed potential at which a cathodic current is registered and a 
cathodic potential respectively. During the exposure at the controlled 
electropotential, the variation of current was recorded by the 
Rika-Denki chart recorder. To ensure comparability between the samples 
the charge passed was monitored on the Wenking current integrator and 
the sample removed for examination after the passage of a fixed charge. 
As an illustration, a specimen in plating cell which was subjected to 
0.5 As/cm.sq , would gain a deposit of less than 1000 A° [145]. In 
other cases, a deliberate study was made of the effect of duration of 
exposure independently of charge. The solution was retained for
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analysis together with precipitates formed in the cell and the results 
are referred to, where relevant, in discussion. After removing the 
divided test specimen one part was rinsed with demineralized and 
deaerated water or cleaned with tissue and the specimen was then shaken 
to remove excess water and placed in a desiccator for 24 hours before 
XPS analysis. The sample was then cut to provide for: a) XPS analysis
without further treatment ; b) stripping by cellotape to remove loose 
corrosion products and ;c) storage for eventual microscopic or 
diffraction studies.
Potential scans, starting from the exposure potential and extending 
some 150 mv either side of the open circuit potential, were made
extensively on the samples pre-passivated at particular potentials. 
The samples were examined after exposure at some fourteen potentials 
between anodic potential -24 mV (SCE) and the cathodic potential -320 
mv. The potential and the quantitative analysis are listed in chapter 
4 and spectra of the analysed samples are also shown. In part of the 
experiments, in order to study the effect of pH, the solutions were 
brought to the required pH by addition of NaOH or HC1 analaR grade. In 
each case the samples were exposed for 12 hours. They were then
blotted, kept in desiccator and analysed by XPS.
In free exposure tests, the samples were placed in separate beakers 
containing different seawaters. The beakers were floated on the
aquaria and separately aerated in order to have the same exposure
light. By this means the contamination of the water in the tanks was 
avoided.
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In some stages of the work in order to study the loss of cathodic 
inhibition, the alloy samples were first passivated at an anodic 
potential (-200 mV or -150 mV for different periods of time) in well 
aerated condition. the potential was then scanned, through the
corrosion potential, to a value of -320 mV at which the surface was
purely cathodic. This scan permitted measurement of the Tafel
constants. The cell electrolyte was then dumped and the cell refilled 
with electrolyte which was freshly purged with * oxygen-free1 nitrogen*. 
This takes some thirty seconds. The potential was then scanned in the 
anodic direction in order that the Tafel constants for the reduced 
oxygen environment can be determined. It should be mentioned that when 
the effect of temperature was under studies the deaeration was carried 
out at that particular temperature. In starting the scan, a short time 
was usually allowed to elapse before reading the current. Since in some 
cases the current did not become constant, a certain initial time was
chosen for all the similar experiments.
3.4 XPS for Surface Studies
3.4.1 Instrumentation
3.4.1.1 Energy Source
A twin anode X-ray source, i.e A1 Koc with photon energy of 1486.6 eV 
and Mg Ko< with energy of 1253.5 ev are available in the ESCA 3 to 
excite the characteristic photoelectron from the sample suriace. 
Characteristic radiation emitted from Mg or A1 anodes is normally used 
as the desired near-monocromatic radiation.
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3.4.1.2 Energy Analyser
ESCA 3 consists of a 150° l*emispherical analyser with a retarding
field to sweep the spectrum. It is located in a vacuum environment
—8with pressure less than 10 bar.
Since electrons are influenced by stray magnetic field (including 
the earthi magnetism [125]),it is necessary to cancel these fields 
within the analyser vessel. For high resolution the stray magnetic
field of the sample must be degaussed to 10“  ^ and external fields 
are reduced by Mu metal shielding.
The inlet and exit slit on the analyser can be set to 4,2,1 or 0.5
mm for a resolution given by AE=wE /200(^Vjwhere E is the pass
P P
energy in eV and w is the slit width. In our work the spectra i, were 
recorded with w=4 mm and 8 ^ = 5 0 ev,a nominal resolution of 1 eV.
3.4.1.3 Electron Detector
4
The most commonly used detector in XPS is the channeltron (channel
electron multiplier) which consists of lead doped glass tube with a 
semiconducting coating possesing a high secondary electron yield.The 
detector is designed to reduce the noise due to ions produced in the 
mutiplier. The output of the multiplier is a series of pulses that 
are fed into a pulse amplifier discriminator, then into a 
digital-analogue convertor and stored in a multichannel analyser or a 
computer.
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3.4.1.4 Vacuum System
The function of the vacuum gystem is to maintain the pressure so that 
electrons have a long mean free pass, relative to the dimension of the 
spectrometer and so that the partial pressure of residual gasses will 
not contaminate the sample surface during the time of analysis. ESCA 
3 comprises a preparation chamber and analyser chamber which are of 
stainless steel construction with copper gaskets. Each chamber is 
separately pumped with a diffusion pump (170 1/sec) in combination 
with liguid nitrogen. An ED 100 rotary pump is used for rough pumping 
the preparation chamber following insertion of the specimen probe and 
for backing the diffusion pump. The sample holder is bolted to a 
probe which is held in the analyser chamber. This probe is connected 
to a X-Y shift arrangement which may be rotated to a required angle.
The pressure in the sample chamber during our work was typically
10 ^-1o ® mbar
3.4.2 General Instrumentation
a) Computer:
In addition to the X-Y recorder which directly records the spectra onto 
paper, ESCA 3 is linked to a V.G datasystem 3040 computer (PDP8e) by 
which the spectra can be recorded on tape or disk. The spectra could 
be manipulated on a VD0.Among the routines that may be provided by this 
system, are digital smoothing, transfer of data from one portion of
memory to another (e.g to Prime Computer of University of Surrey),
addition or subtraction of spectra, background suppression,
normalization of spectra, presentation of derivative and integral
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curves based on the basic spectrum,and simultaneous display of spectra 
in different memory region for visual comparison on a VDU. This
datasystem can also provide the software routine for peak deconvolution
and curve fitting.
b)Depth Profiling:
This method involves bombarding the specimen with a beam of inert gas 
positive ions (Ar+). These ions are accelerated and focussed on the 
sample, creating a sputtering spot diameter of about 5 mm. sq. To
achieve an ion current density of the order of 6 microamp/cm.sq, the 
partial pressure of argon in the region of analyser was about 10“ «^fc>ctr.
3.4.^ Data Presentation
The data is presented as intensity or count rate versus binding energy
or kinetic energy, which has been determined by the analyser. Typical
XPS spectra are shown in Fig 3.9 which is a wide scan (survey scan ) of
a copper-nickel condenser tube sample, using A1 Ko< radiation and
recorded with a constant analyser energy of 50 eV under vacuum 
•ft jcondition of 10 mfear A series of peaks are observed on a 
background which generally increases on the high binding energy side of 
each significant peak. At an energy of ~ 10 eV on the low binding 
energy side of the main peak a Isatellitei appears due to Al-K*
3.4
excitation.
When an atom exists in more than one chemical form and the 
difference in the binding energies is smaller than the the width of the 
photoelectron peak, it may be necessary to deconvolute the spectrum. 
Deconvolution may be achieved in the sense of removing the instrumental
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Fig. 3.9: Two Examples of XPS Spectra.
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and excitation source contribution [146].
3.4.4 Analytical Procedure
The samples taken out of the cell were rinsed and blotted at an edge to 
remove surplus solution and dried in a desiccator. Samples (6 mm X10 
mm) cut from the corrosion test coupons (taking care to avoid handling 
the faces to be examined )were placed on the sample holder which takes 
up to 5 specimens at a time. They were mounted on the sample holder by 
a double side sellotape or Araldite or Superglue (when the specimen 
needed a stronger adhesive). All the samples were maintained at room 
temperature ~20°C.
To avoid charging effects (samples that are insulated from the 
spectrometer acquire a positive charge at their surface during the 
irradiation because photoelectrons are ejected),they were electrically 
connected to the sample holder using silver-dag.
Mg-K<* and Al-Koc radiation sources were used for the analysis but 
due to the coincidence and overlapping of the main peaks of some 
elements such as Fe with Auger peak of Cu, Mg-Kbt radiation was 
preferred. This also gives a good sensitivity to iron which might 
coincide with the copper Auger peak when Al-R* was used. Iron, 
however, was detected and calculated by using the Fegp peak and the 
appropriate sensitivity factor, when A1 ko( was used.
The photoelectron and Auger peaks of some of the elements which 
were used in this work are listed in Table 3.3.
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Table 3.3 List of photoelectron and Auger peaks of some elements versus 
apparent binding energy.
Element P.E peaks Auger Peaks (using A1 K )
c 284*,7 OR
N 399*,9 OR
0 532*,24,7 OR
Na 1072*,,63,31 535,496*
Mg 1306*,8*,952 300*,311,322,333,346,357
Si 149,100,,99 OR
P 189*,136,135 OR
S 229,165*,164 OR
Cl 270,202,200* OR
Ca 438,350*,347*,44 OR
Cr 6 95,584,575*,74 915.6,957*,997
Mn 796,652,641*984,49 850,897,944.6
Fe 846,729,710*,95,56* 783,835,888
Ni 872,855*,112,68 638,703,770
Cu 951*,931*,120,74 546,566,636,646,710,755
Ag 717,602,571,373,367,95 OR
* Peaks used for quantitative analyses. 
OR = out of range
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Since the intensity of the signal observed is a function of the 
amount of material present, this can represent the semi-quantitative 
and quantitative analysis of material surface. The height and area of 
the principal peaks of the elements: S,Si,Cl,C,Mg,Ca, N,Na,0,Fe,Ni and
Cu were obtained using computer based data aquisition system. In 
addition, wide survey scans covering the binding energy range 0-1000 
eV, were taken from each sample. Individual peaks could be obtained to 
an accuracy of 0.2 eV from the computer display to study the chemistry 
of a specific elements. Smoothing of the peaks was carried out where 
necessary. Bearing in mind that the smoothing function may alter 
the area and the height of some peaks Table 3.4 shows a typical 
examples of the variation after 3 times using the 1 smoothing* command.
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Table 3.4 Effect of Smoothing on the Area and Height of the peaks.
Element Ao/As Ho/Hs
Cl 0.91 0.99
C 0.9 0.99
Mg 1.2 1.1
N 1.0 1.0
Na 1.0 1.0
0 1.0 1.0
Fe 1.1 1.2
Ni 0.99 1.0
Where Ao and As show the areas under and Ho and Hs heights of the peak 
before and after smoothing respectively.
The binding energies were calibrated with respect to the binding 
energy of 284.6 eV for the carbon 1s. The composition in atomic 
percent were computed from the spectra using sensitivity factors based 
on those of Jorgensen and Berthou [148] which are summarized in table
3.5. It is worth mentioning that all sensitivities are referenced to 
fluorine and most of the measurements are made on fluorine compound. 
For this reason flourine is assigned an atonic sensitivity of 1.0 and 
all other elemental sensitivity are then calibrated to this number.
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Table 3.5 The Sensitivity Factors Used in The Experiment.
Element Binding Energy(^/)
S I 100
p 135
s 164
c 284
Cl 200
Mg 1305
Ca 347
N 400
Na 1072
0 530
Mn 640
Fe 710+5
Fe(3p) 57
Ni 850
Cu(i) 936
Cu(ii) 940
Few specific photoelectron lines,
follows:
alCarbon
Since the carbon peak may reveal 
compounds, by a change in its width 
position, deconvolution1 test was
85
Sensitivity Factor
0.36
0.3
0 .3 5
0 .27
0 .42
2 .2 4
0.8
0 .4
2.12
0.6
1.0
1.8
0 .2 5
1.7
3-0
1-5
however, are briefly explained as
the incorporation of organic 
and/or shift in the binding energy 
carried out on carbon peak to
separate as many as singlet exist with different binding energies.The 
area under detection was 284 eV(Fig 3.1 OA & B). Of course care must be
3
•m4IcM
'474'"' "i7B ’'" ‘ 'i7« :8^ 4&2 iW '
Binding Energy fe/)
272
272
Binding Energy feV)
Fig. 3.10: Typical Examples of the Carbon Peaks in A) Sample from Seawater 
and B) Sample from NaCl Solution.
taken to reference the position of the carbon signal and check that the
is
shift is not possibly due to the electrostatic charge which distributed 
on the surface.
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b ) t e n .
The chemical shift of oxygen Is a guide line in distinguishing between
oxide ,hydroxide and water bonds. Oxygen 0,, line ~530 eV (if thereI s
was no charging effect) was used in the analysis of the oxides. For 
example the difference between hydroxyl oxygen 0H~ and oxide oxygen 
02“ were usually recognized by studying the peak shift of 1.0 to 
1.5 eV.
c)Manganese
Since the coincidence of manganese photoelectron peak with the copper 
Auger peaks always posed a problem in detection, it was checked by 
relevant lower binding energy i.e 84 ev whether it was present. 
Another guide was the shape of the copper Auger peak (at binding energy 
of 645 ev ) showing doublet if manganese was present. Figure 3»9 shows 
the difference between the spectra when manganese was present on the 
surface.
d)Iron
Several XPS studies of iron oxide were made, referlng to some basic
literature [ 149»150,151 ]. The presence and magnitude of iron were also
r
checked and calculated by refering to a relevant lower bindig energy 
(57 ev) which is free from the interference of other peaks (Fig 3.11).
d)Nickel
Ni binding energy of 854.0 ev as reported in literature [149*1503 was 
studied. Chemical state of nickel i.e Ni(I) or/and Ni(II) was referred 
to the shape of its photoelectron (Fig 3.12) peak whether singlet 
(representing Ni(I) ) or doublet (representing Ni(II) )
e)Copper
Two stable oxides of Cu20 and CuO with binding energies of 936,946 
respectively were under detection. The chemistry of copper may be
87
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Fig. 3.11: XPS Spectra A) when iron present and B) iron not present.
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readily determined by identification of the presence of the shake-up 
satellites at 936 (A) and 945 (B) ev. Figure 3.12 shows the spectra of 
copper oxides. Since in the case of cuprous oxide ,photoelectron 
spectra are identical to those for copper metal ,within 0.1 ev, the 
Auger spectra of copper metal and cuprous oxide which are significantly 
different, were studied. The relative contribution of Cu^O and 
metallic copper to the spectrum was determined by rationing peak 
intensities at two different energies. To separate the quantitative 
analysis of Cu(i) and Cu(ii) it was assumed that Cu(ii) singlet 
appeared at higher binding energy (according to Castle1s work).After 
multiplication of the peak area of Cu(ii) to the factor of 10/6 the 
resultant was substracted from the peak area of the low binding energy 
singlet and the remaining was considered as Cu(i).
Some other elements for instance sulphur, magnesium, nitrogen, 
sodium which were studied in this work are not reviewed in detail due 
to their technically simple detection.
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3.5 X-ray Diffraotion Test
An X-ray diffraction examination was carried out on the corrosion 
products. Samples were prepared by scraping and packed with glass 
x-ray capillary tube by using a standard Debye-Scherrer camera with 
copper radiation and nickel filter. The time of exposure was between
3.5 hours in order to get distinctive lines on the exposed film. 
Potential and current of 35 KV and 12 mA were used respectively. 
Vernier reading corresponding to the position of the transmitted beam 
and distance between reflected and transmitted beam was followed by the 
determination of Braggs angle(t^ta). The "d” values were obtained by a 
simple calculation of Braggfs law [152] i.e:
d= X/2sin(t)bta)
where ^  for copper radiation is 1.5412 A°. Finally the calculated 
"d" values together with an estimated values for the intensities of the 
corresponding lines which were noted as: fairly strong(FS) strong(S),
very strong(VS), weak(W) scale were simply classified and tabulated. 
nd" values were compared with the standard ASTM data for the respective 
compounds.
Some samples underwent the diffractometer test by using a standard 
electromechanical diffractometer. This was used as an auxiliary method 
to powder camera when the coating was very adherent or was not thick 
enough for capillary filling.
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3.6 Spanning Eleotron Microsoope and Microprobe Analyser Test
Topographic examination of the corroded surface of some of the samples 
was performed by using a conventional SEM250 of the Microstructure 
Studies Unit of the University of Surrey(MSSU). Specific regions of the 
surfaces were also analysed by using a microprobe analyser in this Unit. 
A beam energy of 25 KV was normally used.
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4.1 Characterization of the Test Specimen
4.1.1 XPS Studies on the Effect of Surface Preparation
XPS spectra and the quantitative analysis of samples after surface 
preparation by different methods, (as was explained in section 3.1 ) 
are shown in Figs 4.1 a-c and Table 4.1.
The surface analysis of nas received" samples shows no trace of 
iron or nickel but only of copper which is in the cupric state (Fig 
4.1a). The XPS results for the rolled sample shows that 1 cold rolling* 
does not change the chemistry of the as received surface. Carbon is 
increased possibly due to the effect of contamination. By abrading the 
sample this cupric layer is removed. The level of oxygen also 
decreases considerably ( Table 4.1). The cuprous oxide layer formed 
after abrasion in air is very thin and is removed in 30 seconds of 
*Argon Ion Etching*. Fig 4.1c shows the surface after abrasions 
followed by pickling: it is both in the cuprous and cupric state and
there is no trace of either iron or nickel in the surface. In addition 
to oxygen and carbon on the surface there is a trace of chloride, the 
source of which may be chloride contamination in the methanol used for 
a final rinse. No trace of sulphate is observed. This is the surface 
which normally (unless stated otherwise) represents the composition at 
the start of exposure.
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Cu(II)
Binding Energy (eV)
Fig. 4.1 XPS Spectra of the Test Specimen.
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Table 4.1 Surface Analysis of the Test Specimen.
Samples Cl C 0 Cu(I) CU(II)
As received - 50.4 38.0 0.5 11.0
Rolled - 67.0 23.0 1.5 8.5
Abraded - 72.0 21.0 6.4 -
Normal
Preparation
0.4 57.6 34.5 3.8 3.2
It should be mentioned that although different surface preparations 
such as acid pickling , abrading with SiC paper may , to some extent, 
change the surface composition of non-exposed samples,electrochemistry 
results ,however, did not show any appreciable differences between the 
samples treated by different methods.
4.1.2 Potentiodvnamic Sweep
The experimental procedure of this part of our work has been explained 
in section 3.3.3, the samples were placed into the cell using NaCl or 
seawater as an electrolyte as required. The electropotential was 
scanned to the anodic direction i.e from -400 mV to +50 mV at a sweep 
rate of 5 mV/min. However, polarization sweeps were also carried out 
at different rates to investigate the effect of sweep rate and also the 
effect of sweeping potential in the reverse direction was investigated.
The resulting current density versus potential data were plotted on a 
semilogarithmic chart. By this means the position of electrochemical 
regions (as marked on Fig 3.8) such as anodic and cathodic Tafel
regions, anodic active and passive regions and also the position where 
the passivation current becomes critical were determined. The results 
of these potentiodynamic scans may be summarized as follows: i)the
anodic current density is decreased by decreasing the sweeping rate(
Fig 4.2);
ii)different sweeping rates did not change significantly the shape 
of current-potential polarization curve below the critical current 
position; iii)similar behaviour was observed when seawater was used as 
the electrolyte; and iv)a change of colour was observed on the surface 
of the sample i.e at -300 mV, the specimen changed to a shiny red - 
copper colour,but by sweeping to -74 mV the specimens was tarnished by 
both seawater and NaCl solutions. The specimen^ colour changed to 
dark brown at about -24 mv.
4.1.3 Reversibility of Electrode
Data from two sets of the samples which were scanned as normal from 
-150 to -320 mV (anodic to cathodic) or in reverse (Fig 4.3) are given 
in Table 4.2 as experiments 1,2 and 3>4 respectively. Different 
results were obtained for BC by changing the direction of the sweeps.
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Table 4.2 Effect of Sweep Direction on Electrochemical Data.
Direction BA BC Icorr.(AA/cm-sq)
Normal 1 60 91 3.1
» 2 58 88 2.9
Reverse 3 64 39 .2.2
i» 4 68 42 2.5
The higher BC value for the normal scan may be attributed to the 
passivation of the surface, that is inhibition of the oxygen reduction 
which should be the predominant cathodic reaction. In reverse scan a 
much lower value was obtained. It seems that by the time the sample is 
swept to cathodic potential from an anodic starting condition, the 
cathodic reaction is passivated by a fast anodic reaction. This 
phenomenon may also bring about an initial non-reversibility of the 
electrode. However,another experiment was carried out on a sample 
swept in the normal direction from -150 mV (anodic region) to -320 mv 
and then back to -150 mV. As shown in Fig 4.4, the electrode is 
approximately reversible once the cathodic reaction has been inhibited 
by the application of anodic potentials and the corrosion potential 
shifts only about 10 mV towards anodic values.
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4.1.4 Potentlostatic Exposures
The exposure was designed to give the analyses for five distinct
regions of electrochemical activity: j)the cathodic Tafel region (as
marked on Fig 3.8 ) ;2) mixed potential region 3)anodic Tafel region 
;4)higher anodic region ;and sj anodic passive region. A detailed 
description of the potentials are as follows:
i) -270 mV SCE, which has a cathodic position on the polarization 
curve;
ii)-250 mV, which is still cathodic but close to the mixed potential 
region;
iii)-200 mV, which is very close to rest potential; Sometimes
fluctuating on either side of the rest potential;
iv)-150 mV, which is at the border of the mixed potential and anodic 
region;
v) -100 mV which is in anodic region;
vi) -74 mV;
vii) -40 mV, the potential at which the anodic current reaches the 
critical point; and
viii) -24 mv at which anodic passivation occurs.
As shown in Figure 4.2, the current density variation over this range
is very large and exposure at a given potential for constant time would
differ greatly in the amount of reaction which it caused. As explained 
earlier, samples were therefore exposed for a constant charge( ~1.6 
A.s) as measured in the external circuit. This gives comparable 
surfaces except in the mixed potential range.
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4.2 NaCl Solution
4.2.1 Effect of Eleotropotential on Surface Composition
The sets of quantitative analyses together with some of the XPS spectra 
from this work are shown in
Tables 4.3 a & b and Figures 4.5-7. It should be mentioned that 
the right hand values show the composition of the surface when carbon 
was assumed as a contaminant and excluded from the calculation by 
normalizing the other elements to 100 atomic percent. The presence of 
sodium could be partly related to NaCl presence on the surface and on 
rinsing both elements decreased. Thus, for the sake of clarity, the 
tables 4.3a&b have also been modified by excluding both the Cl 
corresponding to Na/Cl ratio and other elements, such as carbon and 
nitrogen.
Regarding the quantitative analysis of this set of experiment, it
is found that before rinsing the chloride concentration is in excess 
hthrougout the entire range, even when sodium and its equivalent in 
chloride ion are removed ( Table 4.3a). Reference to X-ray diffraction 
data obtained at this potential showed the surface might consist of 
cuprous-chloride compounds (section 4.2.6), and these ,clearly, can not 
account for the XPS results showing that the outer surface had an 
excess chloride. A possible explanation is that a copper chloride 
complex present in solution (possible species seem to be CuClg",
CuClg=, CuCljj= or/and CuClg= ) had adsorbed on top of the 
layer. This will be discussed in further detail in chapter 6.
Tab le  4 . 3  Q u a n t i t a t i v e  A n a l y s i s  o f  t he  Samples Exposed i n  3.4% NaCl Under 
C o n t r o l l e d  e l e c t r o p o t e n t x a l .
Tab le  4 . 3a  As Removed.
A l l Elements Carbon & N i t r o g e n e x c l u d e d, NaCl removed.
P o t e n t i a l  Cl C N Na 0 Fe Ni Cu Cl 0 Fe Ni Cu Cu/ Cl
(mV)
- 2 7 0 * 1 7 . 5 3 4 . 6 - 1 . 2 3 3 . 0 - - 1 3 . 9 2 6 . 0 5 2 . 6 - 2 1 . 2 0 . 81
- 2 5 0 * 2 4 . 9 5 0 . 6 - 2 . 8 1 8 . 1 - - 4 . 7 4 9 . 2 4 0 . 3 - 1 0 . 5 0 . 2
- 2 0 0 * 1 2 . 6 5 5 .0 - 1 . 5 2 5 . 2 - - 5 . 7 2 7 . 0 6 1 . 6 - 1 3 . 0 0 . 5
- 15 0 1 5 . 9 2 7 . 5 0 . 5 7 . 5 3 8 . 2 4 . 1 1 . 2 5 . 3 1 4 . 6 6 8 . 0 7 . 2  1 . 8 9 . 3 0 . 6 3
- 8 0 1 1. 4 4 6 . 9 - 2 . 7 3 0 . 8 1 . 2 1 . 7 5 . 8 1 7 . 9 6 4 . 6 2 . 4  3 . 5 1 1 . 9 0 . 6 5
- 74 1 0 . 3 4 6 . 3 1 . 8 4 . 4 2 8 . 3 1 . 1 1 . 4 5 . 3 1 2 . 4 5 9 . 0 2 . 2  2 . 9 1 0 . 9 0 . 8
- 60 1 3 . 3 4 8 . 6 1 . 3 6 . 5 2 3 . 2 0 . 5 2 . 1 4 . 5 1 8 . 3 6 2 . 8 1 . 3  5 . 2 1 2 . 2 0 . 6
- 4 0 2 0 . 6 4 0 . 6 - 4 . 5 2 5 . 0 - 2 . 0 6 . 0 3 2 . 7 5 0 . 2 4 . 9 1 2 . 2 0 . 4
- 2 4 8 . 8 5 1 . 1 - 3 . 4 3 2 . 0 - 1 . 4 3 . 2 1 2 . 6 7 6 . 5 3 . 2 7 . 6 0 . 6
T abl e 4 . 3 b  Rinsed Samples.
A l l Elements Carbon & N i t  rogen e x c l u d e d , NaCl removed.
P o t e n t i a l  Cl C N Na 0 Fe Ni Cu Cl 0 Fe Ni Cu Cu/ Cl
(mV)
- 2 7 0 * 9 . 0 4 8 . 1 - 0 . 9 34.  4 - - 8 . 0 1 6 . 0 6 8 . 0 - 1 5 . 8 0 . 9 8
- 2 5 0 * 2 2 . 0 5 2 . 0 - 1 . 7 1 8 . 3 - - 4 . 8 4 5 . 0 4 0 . 5 - 1 0 . 7 0 . 2 3
- 2 0 0 * 1 4 . 1 4 9 . 6 - 0 . 9 2 7 . 7 - - 7 . 7 2 7 . 2 5 6 . 9 - 1 5 . 8 0 . 6
- 15 0 5 . 8 3 4 .1 1 .1 1 . 9 4 4 . 1 6 . 0 1 . 0 5 . 8 8 . 7 6 6 . 8 9 . 8  1 . 3 9 . 4 9 1 . 0
- 11 0 5 . 4 5 9 . 2 - 0 . 6 2 9 . 6 0 . 9 - 4 . 3 1 1 . 9 7 4 . 7 2 . 3 1 0 . 9 0 . 9
- 8 0 7 . 4 5 3 . 5 2 . 7 2 . 3 2 8 . 5 0 . 5 0 . 8 4 . 4 1 3 . 0 7 2 . 5 1 . 2  2 . 0 1 1 . 1 0 . 8 5
- 7 4 7 . 4 5 3 . 0 - 1 . 7 3 1 . 0 0 . 7 1 . 2 5 . 0 1 3 . 0 7 1 . 0 1 . 6  2 . 7 1 1 . 5 0 . 8 8
- 6 0 4 . 6 52 .7 2 . 0 1 . 0 33 .  B 0 . 6 1 . 7 3 . 3 9*. 8 7 0 . 4 1 . 4  4 . 1 8 . 0 0 . 8 1
- 4 0 7 . 0 4 7 . 6 - 1 . 6 3 2 . 3 - 1 . 6 4 . 7 1 2 . 1 7 2 . 4 4 . 8 1 0 . 6 0 . 8 7
- 2 4 7 . 1 5 7 . 8 - 2 . 9 2 7 . 0 - 1 . 7 3 . 6 1 2 .4 7 3 . 2 4 . 3 9 . 4 0 . 7 5
* Samples Analysed using Mg K R a d i a t i o n .
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The excess chloride was considerably reduced by washing the 
samples. On such rinsed samples, throughout the anodic Tafel and 
higher anodic range,the copper to chloride ratio is approximately unity 
(Table 4.3b) and the copper ion was found both in cupric and cuprous 
state.
Throughout the higher cathodic an<* cathodic Tafel region to near 
the rest potential viz -270, -250 mV and -200 mV an excess amount of 
chloride was still detected. This magnitude was unexpectedly high at 
-250 mV. It remained high even after rinsing. The other significant 
change at -250 mV is the lower oxygen content in both rinsed and * as 
removed1 surfaces.
c
A significant effect of the electropotential exposure is the 
presence of iron in the anodic Tafel and active regions ( Table 
4.3a&b). The magnitude of iron reached a maximum at -150 mV and 
thereafter iron declined but the concentration of nickel increased, 
reaching a maximum at -60 mV.
4.2.2 The Effect of Time on Surface Composition
Since, at the short exposure used, the process of iron enrichment might 
not be complete, increased times of exposure were used at this 
particular potential to investigate development of the iron rich film. 
The XPS spectra and analyses are shown in Fig 4.8 and Table 4.4a-b.
The metallic ion contents of the surfaces are also tabulated in 
Table4.4c.
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T ab le  4 . 4 .  XPS A n a l y s i s  o f  Samples Exposed t o  3.4% NaCI a t  - 1 5 0  mV. 
a)As Removed.
Time
( hrs)
Cl C N Na 0 Fe Ni Cu C.w( ev) N . w ( ev ) S t o i c h .
r a t i o .
Charge
D e n s i t y
Cu/Cl
2 5 . 0
8 . 6
4 2 . 2 1 . 6
2 . 7
2 . 5
4 . 3
3 8 . 2
6 6 . 1
2 . 6
4 . 3
2 . 3
3 . 9
5 . 5
9 . 5
2 . 7 2 . 3 0 . 5 0 . 5 4 . 1
10 2 . 7
5 . 8
5 3 . 3 1 . 9
4 . 0
1 . 5
3 . 1
3 1 . 1
6 6 . 6
1 . 8
3 . 8
2 . 7
5 . 7
4 . 9
1 0 . 6
2 . 6 2 . 1 0 . 5 1 . 9 7 . 3
24 4 . 2
7 . 6
4 4 . 3 2 . 5
4 . 4
1 . 9
3 . 5
3 7 . 1
6 6 . 6
4 . 3
7 . 7
0 . 8
1 . 4
4 . 7
8 . 5
2 . 6 2 . 7 0 . 4 6 5 . 2 4 . 3
Tabl e 4 . 4 b . Rinsed Samples
Time
(hrs)
Cl C N Na 0 Fe Ni Cu C. w(ev) N. w( ev ) S t o i c h .
r a t i o
Charge
D e n s i t y
Cu/Cl
2 1 . 1
2 . 0
4 3 . 3 2 . 4
4 . 2
- 4 0 . 2
7 1 . 0
3 . 6
6 . 4
0 . 8
1 . 5
8 . 4
1 4 .8
2 . 8 2 . 4 0 . 0 - 1 1 . 3
10 2.  3 
3 . 8
3 9 .1 1 . 3
2 . 1
0 . 8
1 . 3
4 4 . 5
7 3 . 0
6 . 3
1 0 . 3
0 . 9
1 . 5
4 . 7
7 . 7
2 . 9 2 . 0 0 .3 4 - 7 . 8
24 1 . 9
4 . 4
5 6 .3 1 . 3
3 . 1
1 . 1
2 . 6
3 0 . 8
7 0 . 5
1 . 8
4 . 1
1 . 3
2 . 9
5 . 3
1 2 . 0
2 . 6 2 . 3 0 . 6 - 1 0 . 6
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Table 4.4c Alloying Elements Contents (At.jG) On the Surface.
As Removed Rinsed
Time
(hrs)
Fe Ni Cu Fe Ni Cu
2 24.2 22.2 53.6 28.0 6.7 65.3
10 19.0 28 52.4 52.0 7.9 39.5
24 43.6 7.9 48.5 21.7 15.6 62.6
The outer surface of the sample exposed to -150 mV for 10 hours 
, contains the lowest amount of chloride of the series and the Cu/Cl 
ratio increased considerably. This indicates that 1 copper chloride* 
content was much lower in the outer surface of this sample. Nickel 
contents in the outer layer were quite high while that of iron was 
lower and precipitation may have oecured on the iron containing layer. 
After 24 hours of exposure the magnitude of nickel together with Cu/Cl 
ratio decreased but iron content increased. After washing this iron 
rich layer was considerably removed, but nickel and also copper 
increased. At this potential the pH of the solution is increased from
6.3 to 7.3 within 24 hours of exposure. It may be mentioned that the 
variation of the pH in the solution was heterogeneous i.e the nearer to 
the counter electrode the higher the pH.
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Table 4.5. XPS Analysis of Samples Exposed to 3.4£ NaCl Solution 
at -200 mV.
Condition. Time Cl C N Na 0 Fe Ni Cu Cu/Cl 
(hrs)
9.9 45.5 - 4.4 32.9 - - 6.1 1.1
(As Removed) 24
18.5 - 8.0 60.5 - - 11.2
7.3 45.9 - 2.9 37.0 - - 6.7 1.5
(Rinsed) 24
13.5 - 5.4 68.5 - - 12.5
4.2.? Current-Time Dependence
The decay of current with time at controlled electropotential at which 
iron enrichment oceured, i. e -150 mV, has been recorded over a period 
of 24 hours during which a constant value is established. (Fig 4.9).
However,Current decay was also recorded at -200 mV where neither 
iron nor nickel appear in the surface layer, which consists of only 
copper, chlorine and oxygen ( Table 4.5). According to these 
experimental results the decrease of the current is more marked in the 
first 14 hours of the exposure. After this period the current at -150 
mV almost reached a near steady state. At -200 mV the current 
continues to show a significant rate of decrease for some 60 hours.
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4.2.4 Cathodic Inhibition
Following the results showing the non-reversibility of the electrode 
before it was cathodically inhibited and the enrichment of iron in its 
surface while at an anodic potential of -150 mV, the polarization 
behaviour of iron-enriched samples produced by potentiostatic exposure 
was studied. For comparison with these surfaces, samples pretreated at 
-200 mV to form a passivating but iron-free layer were used. XPS 
spectra of these samples are shown in Fig 4.11). Quite unexpectedly, 
exposure at both potentials for increasing times steadily reduced the 
ability of the surface to sustain the cathodic reduction of oxygen. 
This can be seen from the polarization curves,Fig 4.10.
To study the effect of time on cathodic inhibition, the specimens 
were placed into the cell applying those potentials for different times 
(e.g up to 72 hrs). It should be mentioned that hereafter these 
samples are referred as "aged" samples. The exposure time and 
potential of them will be specified as appropriate. 1 Ageing1 was 
always carried out in aerated conditions, except where stated 
otherwise. The anodic and cathodic polarization tests were carried out 
in both aerated and deaerated solutions. The results will be discussed 
in section 4.3.7. It seems that the presence of a passive layer, which 
was formed by aging the sample, retards mainly the cathodic reaction. 
For example BC increases from about 90 to 357 mV/Decade after free 
exposure to 3.4$ NaCl solution for 24 hours, but BA does not change 
significantly. Variation of other parameters such as corrosion current 
or potential will be discussed in chapter 6.
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4.2.5 Analysis of Cell Contents
The solution and the precipitated deposits, obtained from the cell in 
which the samples were exposed, were analysed by Atomic Absorption. 
The results have been tabulated in Table 4.6. It was found that under
T ab le  4 . 6 .  A n a l y s i s o f  the C e l l . C o n t e n t s  by Atomic A b s o r p t i o n •
A p p l i e d  S o l u t i o n  Composi t ion  
P o t e n t i a l  (mg)
P r e c i p i t a t e d
(mg)
Composi t ion  M a t e r i a l  Lost  from t he  S u r f a c e .
(mg)
- 1 0 0 (mV) Fe Ni  Cu Fe Ni Cu Fe Ni  Cu
0 . 0 3 0 . 7  0 .0 4 1 . 0 0 . 7 8 . 5 1 . 0 3  1 . 4 5  8 . 5 4  
( 9 . 3 % ) ( 1 3 . 1 % ) ( 7 7 . 5 % )
- 1 5 0 (mV) 0 . 0 28 0 . 6 3  0 . 0 3 0 . 0 2 0 . 0 7 1 . 6 7 0 . 0 4 8  0 . 67  1 . 7  
( 1 . 9 % ) ( 2 7 . 9 % ) ( 7 0 . 1 % )
conditions in which iron was the dominant ion in the surface layer, 
nickel ions remained in solution and copper compounds precipitated away 
from the sample (section 4.2.6 Table 4.7b X-ray Diffraction Results). 
The results of solutions and precipitates analysis ( Table 4.6) taken 
together show that at -150 mV there is a net loss of nickel whilst at 
the more anodic potential (-100 mV) the loss of nickel is reduced but 
iron is enhanced. This is in accord with the surface analysis results.
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4.2.6 X-rav Diffraction Analysis
X-ray diffraction was performed on the scraped powder corrosion product 
obtained from the surface of the high anodically polarized samples. 
The results are shown in Table 4.7a-b (the names of the detected 
compounds are coded and listed in Table 4.8).
The corrosion products which were dispersed in or precipitated in the 
cell were filtered and dried in a desiccator and then analysed. The 
relevant results are also shown in Table 4.7b. According to the "dn 
values, Cuprous chloride seems to be a predominant corrosion product on 
the surface, but precipitate substances were found to be mainly 
paratacamite and copper-chloride-hydrate. X-ray diffraction analysis 
using a diffractometer, instead of the powder camera, (as explained in 
section 3.3.3) was also undertaken upon: a)the outer surface of the
sample ; b)underside which is extracted by sellotape and ;c)the 
surface of the metal after sellotape extraction. The results will be 
reported when appropriate.
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Table 4.7a. X-ray Diffraction Data for the Sample Polarized 
to the Anodic Peak Potential.
ndn Values Intensity Component 
by ASTM <
3 .1 0 VS C3
2 .6 8 V C3
2.26 W
2 .07 w N1
1.91 vs C3
1.63 vs C3
1.35 FS C3
1.24 FS C3
1.10 S C3
1.04 FS C3
0.96 FS C3
0.91 S
0.86 W C3
0.83 W
0 .78 W
Table 4.7b. X-ray Diffraction Data for the "High” 
Anodically Polarized(to +50 mV) sample.
On the Surface Precipitated
»dnValues Intensity Component "d" Values Intensity Component
by ASTM. by ASTM.
3 .10 VS C3 5.47 VS C6,C7,C5?
2 .68 W 4 .7 2 W C9
2.26 W 3 .4 2 V C6
2.07 w N1 ? 2 .7 4 VS(WIDE) C6,C7
1.91 vs C3 2.46 S
1.63 vs C3 2.26 VS C6,C7
1.25 s C3 2 .07 VW N1
1.10 FS C3 1.89 W C6
1.04 FS C3 1.81 S C6
0.96 S C3 1.76 FS C6,C7
0.83 W 1 .37 S C6
0.78 V 1.24 V
1.06 VW
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Table 4.8 List of the Componenets Detected by X-ray Diffraction 
Analysis.
Code Component
C1 Cu2°
C2 CuO
C3 CuCl
C4 Cu(OH)Cl
C5 CuC12.2H20
C6 CU2^0H)3C1
C7 CuC12.3Cu0.3H20
C8 Cu (0H,C1)2.3H20
C9 CuC12.3[Cu (0H)2]
C10 cu7ci4(o h)10.b^o
F1 XFeOOH
F2
Fe3°4
N1 NiO
N2 NiCl2
N3 NiCu02
M1 MgCl2
M2 MgC03
ASTM card No.
5 - 0 6 6 7
5 — 1
6 - 0 3 4 4
2.3-lc> 63
13-14 <T
1 4 - 3 * 4
1 5 - 6 7 0  
4 - 1 4 3
3.3-341?
\ ° [ -  6tL°\
a a -.11*4 
I - \l 3 3
3- 74S-
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4^3 Natural Seawater
4.3.1 Surface Analysis Studies on Potentlostatlc Exposure
To study the anodic and cathodic processes on the surface of the 
samples exposed to seawater,different potentials as detailed in section
4.1.4 were applied to samples exposed to the water from Tank 3 
(unfiltered 'Natural' water). The time of exposure was controlled by 
an equal charge transfer as mentioned earlier.The values of the applied 
potentials were in similar region to those described for 3.4$ NaCl 
solution. The XPS analysis results obtained in each region are 
tabulated in Table 4.9. They are also briefly reviewed as follows:
i)-24 mV is in anodic passive region. At this potential copper is 
mainly in the cupric state and excess chloride is found. The Cu/Cl 
ratio (as was mentioned before this was calculated after removal of the 
equivalent amount of MgCl2 and NaCl ) was 0.7 being similar to that 
found in the sample exposed at the same potential in NaCl solution.
ii)-40 mV is the critical current point. The magnitude of chloride 
found is the highest (as Cu/Cl ratio is the lowest) and there is no 
trace of sodium. Magnesium uptake is also negligible. Copper is in 
both cuprous and cupric state. The composition of the surface of this 
sample in comparison with that of NaCl differed mainly in absence of 
nickel and presence of a trace of magnesium in the outer surface of 
this sample. It seems that at anodic peak potential both surfaces 
comprise excess chloride.
iii)-74 mV. This potential is on the active anodic region at which the 
amount of chloride in comparison with the above mentioned potentials is 
much lower, consequently the Cu/Cl ratio was higher. Copper was mainly
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T a b le  4 . 9  Q u a n t i t a t i v e  A n a l y s i s  o f  Samples Exposed t o  Seawater  a t  C o n t r o l l e d  E l e c t r o p o t e n t i a l s .
P o t e n t i a l
(mv)
Co nd i t i o n Cl C Mg N Na 0 Fe Ni Cu S t o i c h .
R a t i o .
Cu/ Cl
- 4 0 0 As Removed 5 . 9 5 8 . 2 1 . 0 - 1 . 5 2 6 . 1 - - 7 . 3 0 . 6 3 . 0
1 4 . 0 - 2 . 3 - 3 . 5 6 2 . 4 - - 1 7 . 3 - -
- 4 0 0 9 m m .  Et ch . 9 . 0 3 6 . 5 4 . 0 - 3 . 5 2 3 . 4 1 . 3 2 . 3 1 9 .8 1 . 3 NA*
1 4 . 2 - 6 . 2 - 5 . 5 3 7 . 0 3 . 6 3 . 6 3 1 . 2 -
- 3 2 0 As Removed 3 . 4 6 2 . 5 1 . 3 - 1 . 6 2 6 . 4 - - 4 . 6 1 . 2 NA
9 . 0 - 3 . 4 - 4 . 2 7 0 . 5 - - 1 2 .3 -
- 3 2 0 1 m m .  Et ch . 4 . 7 3 3 . 5 4 . 4 3 . 7 2 . 4 2 7 . 7 2 . 5 5 . 1 1 9 . 5 2 . 4 NA
7 . 0 - 6 . 6 1 1 . 8 3 . 6 4 1 . 6 3 . 7 7 . 6 2 9 . 3 -
- 25 0 As Removed 1 . 7 6 8 . 7 0 . 6 2 . 1 1 . 0 2 1 . 4 - _ 2 . 8 1 . 3
5 . 4 - 1 . 9 3 . 6 3 . 1 6 8 . 3 - - 8 . 9 -
- 2 5 0 9 m m . Etch 4 . 4 4 2 . 6 2 . 0 3 . 7 2 . 7 1 7 . 2 - - 2 7 . 1 1 . 5
7 . 6 - 3 . 5 6 . 3 4 . 7 2 9 . 9 - - 4 7 . 2 -
Rest  P o t . As Removed. _ 4 1 . 7 - - - 3 4 . 7 _ - _ 1 6 . 4 _ NA
(48 hrs) - - - - - 5 6 . 0 - - 2 8 . 1 -
- 1 5 0 As Removed. 6 . 7 50 2 . 5 - 1 . 0 2 9 . 7 - - 5 . 5 0 . 6 3 . 9
1 3 . 4 - 5 . 0 - 2 . 0 5 9 . 4 - - 1 1 . 0 - -
- 14 0 As Removed. 4 . 5 5 8 . 8 1 . 3 - 1 . 4 2 2 . 8 - - 9 . 9 0 . 8 1 9 . 8
1 1 . 0 - 3 . 1 - 3 . 4 5 5 . 3 - - 2 4 . 0 -
- 1 4 0 2 mi n .  Et ch . 4 . 6 2 8 . 0 2 . 4 - 0 . 7 2 7 . 3 - - 3 2 . 1 1 . 2
6 . 3 - 3 . 3 - 0 . 9 3 7 . 9 - - 4 4 . 0 -
N 3 mi n.  E t c h. 4 . 1 2 5 . 4 3 . 4 - - 2 5 . 4 - _ 3 4 . 9 1 .6 NA
5 . 5 - 4 . 5 - - 3 4 . 0 - - 4 5 . 0 -
m 5 mi n.  Et ch . 4 . 0 2 5 . 0 3 . 4 - 1 . 0 2 6 . 0 - - 3 4 . 5 1 . 9
5 . 4 - 4 . 5 - 1 . 3 3 4 . 8 - - 4 6 . 0 -
- 7 4 As Removed. 2 . 4 4 7 . 5 0 . 1 2 . 0 0 . 4 3 6 . 1 - 1 . 0 6 .6 0 . 2 3 . 6
4 . 5 - 0 . 2 3 . 8 0 . 7 6 8 . 7 - 2 . 0 1 2 . 5 - -
- 4 0 As Removed. 1 1 . 8 6 5 . 5 0 . 3 - - 1 6 . 3 - - 6 . 9 0 . 0 5 0 . 6
3 3 . 9 - 0 . 8 - - 4 4 . 9 - - 1 9 . 8 -
- 2 4 As Removed. 1 1 . 7 5 4 , 2  ,, 0 . 1 1 . 6 0 . 7 2 3 . 7 i - - 7 . 4 0 . 0 7 0 .7
2 5 . 5 - 0 . 2 3 . 5 1 . 5 5 1 . 7 - - 1 6 . 1 -
*  NA a Not A p p l i c a b l e  , ND *  Not  Det ermi ned and *  Not D e t e c t e d .
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in cuprous state and a small amount of nickel appears on the surface.
No marked change is observed by decreasing further the anodic 
potential, and at -140 mV, which is still in the anodic region, copper 
is still mainly in cuprous state. Since the stoichiometric ratio is 
>1.0 it seems that no excess chloride is present on the surface.
At -150 magnesium uptake reaches maximum i.e 2.50$ ( Table 4.9).
Because of the importance of this potential in the case of NaCl
solutions, further studies were carried out at this potential as will 
be explained in detail in section 4.3.2.3. A significant difference 
between this sample and that exposed in NaCl is that no trace of 
alloying elements i.e iron or nickel with the exception of copper was 
found; neither in the outer surface nor in the inner surface of this 
sample. In addition Cu/Cl ratio of this surface was quite high.
At the rest potential which is around -190 mV, almost no trace of
chloride, magnesium or sodium is found. Copper is in the cuprous state 
and a very small amount of nickel is observed after washing. In this 
region a special potential vis -200 mV, similar to that chosen for NaCl 
solution, was given detailed study. The results of this investigation 
will also be presented in section 4.3.2.3.
At -250 mV, in the cathodic region, some traces of chloride, magnesium 
and sodium are observed. They are easily removed by washing but 
increased by etching ( Table 4.9 )• A significant observation is that 
of nitrogen on the surface. It is consistent and is not removed by 
washing. This sample is considerably different to that exposed in NaCl 
i.e no excess chloride was found on the outer surface. The Cu/Cl ratio 
is 1.3 and 0.2 for the seawater and NaCl samples respectively.
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At -320 mV, which is a more cathodic potential, the surface is similar 
to that of -250 mV with few differences such as: a) magnesium is
considerably higher and it does not significantly decrease by washing; 
b)nitrogen in comparison with -250 mV is negligible on outer surface 
but a trace of nitrogen is found in inner layer (i.e after washing ); 
and c) a trace of nickel is observed after washing the surface and it 
decreases considerably after 30 seconds of etching.
At -400 mV, which is in an active cathodic region, no significant 
change is observed in comparison to the sample of -320 mV except that, 
at this potential magnesium is predominant and consistant and it is 
only partially removed by washing.
4.3.2 X-ray Diffraction Analysis
In this part of our work, X-ray diffraction analyses were carried out 
on the products obtained from the surface of the anodically polarized 
sample ( Table 4.10) and on the precipitated substances resulting from 
anodic and cathodic polarization of the samples, obtained from the cell 
after filtration of the electrolyte.
The nd" values are quite similar ( Table 4.11 A & B) indicating the 
presence of mainly paratacamite and atacamite. The similarity of these 
corrosion products both in the anodic and cathodic polarization may be 
attributed to the formation of both these products in the mixed 
potential region.
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Table 4.10 X-ray Diffraction Data on the Surface of the 
Anodically Polarized Sample in Seawater.
wdn Values Intensity Component
by ASTM.
5.59 VS C4,M1
5.52 VS(WIDE) C4,C6
2.76 S C4,C6
2.54 FS C4
2.40 FS
2.25 VS C4,C6
2.04 W C4
1.92 W C4
1.81 FS M1
1.70 FS
1.59 FS C4
1.34 S
1.26 W
Table 4.11 X-ray Diffraction Data of the Precipitated Substances 
obtained from the Electrolyte(seawater).
Anodic Polarization Cathodic Polarization
ndn Values Int. Component 
by ASTM
i»d« Values Int. Component 
by ASTM.
5.46 VS C6,C10, C5? 5.47 VS C6,C10
4.66 FS C6 4.63 FS C6
3.29 W 3.32 W
2.86 FS C6,C10 2.88 FS C6,C10
2.74 VS(WIDE) C6,C10 2.78 S C6
2.33 W C6 2.73 VS(WIDE) C6,C10
2.26 VS C6,C10 2.33 W C6
2.02 W C6 2.25 VS C6,C10
1.99 W 2.01 W C6
1.89 W C6 1.97 W
1.82 FS C6,C10 1.89 W C6
1.71 S C6,C10 1.81 FS C6,C10
1.62 w C6 1.70 FS C6,C10
1.49 W C6 1.60 W
1.45 W C6 1.49 W C6
1.41 W 1.36 W C6,C10
1.37 W C6,C10
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4.3.3 Intermediate Summary and Disoussion:
At this stage, a comparison of the work undertaken on NaCl solution and 
on seawater, representing synthetic and natural media respectively, is 
considered helpful. Although no significant difference was observed in 
the behaviour showed by the polarization curves between the two media 
under aerated conditions within the region of the studies, there were 
significant differences in other respects between the two media, as 
follows:
a-Potentiostatic Exposure and XPS Analysis
1-The layer of copper rich material formed in seawater in this trial 
was quite dissimilar to that found in NaCl solution. In other words 
Cu/Cl ratios were always high on the samples from seawater (with 
exception that at anodic active and passive regions in both solutions 
excess chloride was found) while these ratios were always <1.0 on 
those from NaCl solution.
2-Iron and nickel enrichment was observed in NaCl solution samples at 
-150 and -60 mV respectively. In seawater samples neither iron nor 
nickel enrichment was observed but magnesium reached a maximum at 
-150 mV (Fig 4.12).
b-Current Decay
Current decay or passivation with time was observed at -150 mV both 
in NaCl and seawater (Fig 4.13). However, the initial current in 
seawater exposure was lower than that of NaCl solution and remained 
lower in seawater throughout a 24 hours period. At this time the 
current in seawater was about 1/3 of that in NaCl.
The possible reasons for the different surface chemistry could be:
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Fig. 4.12: XPS Spectra of Samples Exposed to Seawater and NaCl under 
Applied Electropotential of -150 mV.
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Fig. 4.13: Current-Decay on Samples Exposed to Seawater & NaCl.
i) seawater is a highly buffered solution and the pH variation which
r
occured in NaCl solution would not be observed in seawater. 
Consequently, according to the pH-Potential diagram -150 mV is more 
anodic for NaCl solution than that for seawater and precipitation of 
some components e.g lepidocrocite may not occur.
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ii)the higher Tafel constant values in the pre-exposed samples in 
aerated seawater could be attributed to the organic content of the 
seawater. iii)the lower corrosion current observed may prevent a 
sufficient concentration for precipitation being reached.
Because of the possible variations in organic levels and buffering 
capacity, according to the source and microbiological activity of 
seawater, a comparative study was carried out using the water from 
different tanks (see section 3*2) In this series of experiments, the 
particularly significant potentials of -150 mV and -200 mV were applied 
for different periods of time using all three sorts of tank water and 
the progression of the surface change was closely monitored. The 
experimental procedure was similar to that for the general study in 
Tank 3 water reported above but was done for a given period of time in 
Tank 1 water and corresponding charge transfer for the other two tanks 
(it should be mentioned that the indicated times in Tables 4.13 & 14 
and 17 & 18 are just nominal times). The quantitative analyses of 
these samples are tabulated in Tables 4.12 &4.16-18. In addition, some 
comments related to the common features of samples from different tanks 
have been summarized in Table 4.15 and 4.19. Any variation between the 
samples from the different tanks is also referred to these Tables. As 
regard the width of the carbon peak, the difference were observed in 
samples after shorter exposure i.e carbon peak of samples from tank 3 
after 1 hour was wider than those from tank 1 and 2. This was not
observed in washed samples.After washing, the carbon peak from tanks 1 
and 3 decreased, but this did not occur in those from tank 2. The
Cu/Cl ratio was the lowest in tank 1 and the highest in tank 3» Since
the only anion on the surface other than oxide or hydroxide, is
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chloride and in order to distinguish deposited material from dried-out 
seawater salt, it was of interest to record the cation/anion ratio 
which was defined as stoichiometric ratio i.e (2Mg+Na)/Cl . The 
magnitude of Cl was calculated after reduction of stoichiometric value
of Mg and Na e.g (Cl= Cl^as shown) " 2^6” 1^ 9 since the variation of Cl 
with Mg and Na seemed to be parallel in almost all the samples. 
However, a possible error would arise in calculation of the 
stoichiometric ratio if magnesium was present as a hydroxide or a more 
complex mineral.
4.3.4 Analysis of the Cell Contents
After removal of the samples which were exposed to the water of the 
three tanks for different periods of time under the controlled 
electropotentials, the cell contents were analysed by Atomic 
Absorption. Relevant results are tabulated in Table 4.20.
4.3.5 Current-Time Dependence
Current-Time variation was recorded for the samples exposed in 
different tanks water under applied electropotential of -150 mV. The 
results are shown in Fig 4.14. The pattern of the behaviour for all 
samples was similar but the current fell more rapidly for the samples 
from tank 1 and 2 and the final currents for these samples were 
slightly lower than for the others.
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Fig. 4.14: Current / Time Dependence of Samples Exposed to -150 mV.
Table 4.12 XPS Analysis of Samples exposed to Tank 1 at -150 mV.
a)As Removed.
Time Cl  
(hrs)
C Mg N Na 0 Fe Ni Cu Wi dth
C
(eV)
N
S t o i c h .
R a t i o .
Charge Cu/ Cl  
D e n s i t y .
1 1 2 . 6 5 0 . 5 0 . 8 1 . 6 31 .7 0 . 4 0 . 9 1 . 4 2 . 7 1 ND 0 . 2 5 0 . 1 9  0 . 1 5
2 5. 4 - 1 . 7 - 3 . 2 6 4 . 1 0 . 8 1 . 8 2 . 9
2 8 . 0 6 2 . 5 1 . 4 0 . 6 3 . 0 1 8 .7 - - 4 . 1 ND 2 . 9 5 0 . 7 2 0 . 3 6  1 . 8 4
2 1 . 9 - 3 . 8 1 . 7 8 . 1 5 1 .0 - - 1 1 . 2
5 2 . 8 5 7 . 5 0 . 2 2 . 0 0 . 6 23 .7 - - 7 . 8 2 . 5 3 . 0 0 . 3 5 0 . 6 0  4 . 7 0
7 . 2 - 0 . 6 5 . 0 1 . 6 6 0 . 4 - - 2 0 . 0
10 5 . 7 5 1 . 3 0 . 6 1 . 3 1 . 6 2 8 .8 - - 8 . 2 1 2 . 7 3 . 0 0 . 5 1 . 0  2 . 4 0
1 3 . 1 - 1 . 3 9 2 . 7 3 . 3 6 0 .8 - - 1 7 . 3
24 6 . 3 6 1 . 4 0 . 7 _ 1 . 3 24 .1 - - 4 . 1 2 . 6 ND 0 . 4 1 . 6  1 . 2
1 6 . 7 - 2 . 0 - 3 . 4 6 3 . 8 - - 1 1 . 0
4 - 1 2b .  Rinsed Samples
Time Cl C Mg N Na 0 Fe Ni Cu Wi dth (eV) S t o i c h . Charge Cu /Cl
(hrs) C N R a t i o . D e n s i t y .
1 3 . 6 50 - _ 1 . 1 3 7. 8 0 . 8 1 . 0 5 . 3 2 . 8 1 ND 0 . 3 0 2 . 1
7 . 2 - - - 2 . 2 7 5. 7 1 . 7 2 . 0 1 0 . 7
2 5 . 9 4 5 . 5 1 . 2 _ 1 . 7 3 7 . 0 1 . 3 1 . 1 5 . 0 2 . 8 7 ND 0 . 6 9 2 . 8
1 1 . 0 2 . 2 3 . 1 6 8 .6 2 . 4 2 . 2 9 . 3
5 1 . 8 5 5 . 8 2 . 7 0 . 2 2 9 .2 - - 8 . 8 2 . 5 ND 0 . 1 1 5 . 5
4 . 1 - - 6 . 2 0 . 4 6 7. 4 2 0 . 4
10 1 . 2 4 7 . 3 _ _ _ 4 0 . 6 8 . 8 3 . 0 ND 0 . 0 7 . 4
2 . 3 - - - - 7 8 . 5 1 7 . 1
24 3 . 0 5 7 .1 0 . 2 0 . 8 3 1 . 2 1 . 2 5 . 6 2 . 5 ND 0 . 4 2 3 . 2
7 . 0 - 0 . 5 - 2 . 0 7 3 . 5 - 2 . 8 1 3 . 2
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Table 4.13 XPS Analysis of the Samples Exposed to Tank 2 at -150 mV.
a)As Removed.
Time*
( hrs)
Cl C Mg N Na 0 Fe Ni Cu Wi dth
C
(eV) ! 
N
S to i c h .
R a t i o
Charge Cu/ Cl  
D e n s i t y .
1 5 . 3 5 1 . 5 1 . 1 2 . 0 1 . 2 2 9 . 8 - 0 . 5 7 . 1 2 . 8 9 ND 0 . 6 6 0 . 1 9 4 . 0
1 1. 0 - 2 . 3 4 . 1 2 . 7 6 2 . 3 - 1 . 1 1 4 . 9
2 6 . 2 4 7 . 7 1 . 6 1 . 7 1 . 0 29 .7 - 1 . 1 9 . 5 2 . 7 8 2 . 7 0 .6 9 0 . 3 5 5 . 0
11 .9 - 3 . 1 3 . 3 2 . 0 5 7 . 2 - 2 . 2 1 8 . 4
5 3 .4 4 7 . 9 0 . 7 2 . 8 1 . 4 3 3 . 6 - - 7 . 8 2 .6 7 2 . 8 0 . 85 0 . 6 2 1 6 . 0
6. 7 - 1 . 4 5 . 5 2 . 8 6 5 . 5 - - 1 5 . 3
10 4 .0 5 6 . 8 1 . 3 4 . 9 0 . 9 2 7 .7 - - 3 . 9 3 . 0 7 2 . 5 0 .8 7 0 . 9 9 1 4 . 0
9 . 3 - 3 . 2 1 1 . 4 2 . 2 6 4 . 4 - - 9 . 1
15 2 . 2 6 0 . 3 0 . 5 4 . 0 0 . 9 2 5 .8 - 0 . 2 5 . 1 2 . 7 3 2 . 4 0 .8 9 1 . 3 3 2 2 . 0
5 . 8 - 1 . 4 1 0 . 3 2 . 4 6 5 . 8 - 0 . 5 1 2 . 9
24 2. 8 4 7 . 5 0 . 5 - - 3 4. 3 - 1 . 0 1 0 . 7 2 . 5 5 ND 0 .3 5 1 . 6 1 5 . 7
5 . 6 - 0 . 9 - - 6 7 . 1 - 1 . 9 2 1 . 0
b)Ri nsed Samples.
Time* Cl C Mg N Na 0 Fe Ni  Cu Wi dth (ev)  S t o i c h .  Charge C u /Cl  
( hr s)  C N R a t i o .  D e n s i t y .
1 1 . 5
3 . 1
4 9 . 7 0 . 8
1 . 7
2 . 0
4 . 0
0 . 5
1 . 1
3 3 . 5
6 7 .7 -
0 . 9
1 . 9
9 . 3
1 8 . 8
2 . 8 3 ND 1 .4 0 - -
2 1 . 9 4 6 . 7 _ 1 . 0 0 . 5 3 3 . 7 0 . 6 1 . 7 1 2 . 1 2 . 5 8 ND 0 . 26 - 8 . 9
3 . 7 - - 1 . 9 1 . 1 6 4 . 7 1 . 1 1 . 4 2 3 . 3
10 1 . 6 5 4 . 6 - 3 . 0 - 2 9 . 0 - - 1 1 . 0 3 . 0 ND 0 . 0 - 6 . 6
3 . 7 - - 6 . 6 - 6 4 . 5 - - 2 4 . 0
15 2. 1 5 3 . 8 0 . 2 4 . 1 0 . 8 2 9 .0 - 0 . 4 6 . 9 2 . 8 6 2 . 5 0 . 5 7 - 7 . 4
4 . 7 - 0 . 4 9 . 1 1 . 7 6 4 . 9 - 0 . 8 1 5 . 4
24 2 . 0 4 5 . 6 0 . 5 0 . 5 - 3 6 . 7 - 1 . 0 1 0 . 3 2 . 6 9 2 . 3 0 . 50 - 1 0 . 7
3 . 9 - 1 . 0 0 . 9 - 6 9 . 3 - 1 . 8 1 9 . 6
* Nominal  Time
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Table 4.14 XPS Analysis of Samples Exposed to Tank 3 at -150 mV.
a)As Removed.
Time* Cl C Mg N Na 0 Fe Ni Cu Wi dth (eV) S t o i c h . Charge Cu / Cl
( hrs) C N R a t i o . D e n s i t y .
1 4 . 4 5 5 . 2 2 . 6 - 2 . 3 2 7 . 3 - 0 . 6 7 . 2 3 . 0 - 1 . 7 3 0 . 1 9 NA
9 . 9 - 5 . 9 - 5 . 2 6 1 . 1 - 1 . 3 1 6 . 3
2 2 . 6 5 7 . 2 0 . 5 3 . 0 1 . 0 2 6 . 3 - 0 . 6 7 . 0 2 . 7 4 2 . 6 0 . 7 8 0 . 3 5 1 1 . 4
6 . 3 - 1 . 1 7 . 2 2 . 5 6 2 . 8 - 1 . 6 1 6 . 7
5 9 . 4 5 1. 4 0 . 9 - 0 . 9 2 8 . 5 - - 7 . 1 2 . 6 4 1 . 7 0 . 2 8 0 . 6 2 1 . 0
1 9 . 7 - 2 . 0 - 2 . 0 5 9 . 3 - - 1 4 . 9
10 2 . 5 6 2 . 2 0 . 5 1 . 6 0 . 8 2 3 . 4 - - 7 . 1 2 . 7 5 2 . 5 0 . 7 5 1 . 0 1 1 . 3
6 . 8 - 1 . 3 4.  . 5 2 . 4 6 4 . 0 - - 1 9 . 0
15 4 . 1 5 2 . 3 0 . 6 2 . 4 1 . 3 2 9 . 1 1. 1 0 . 5 6 . 9 2 . 8 8 2 . 3 0 . 6 0 1 . 3 3 4 . 7
8 . 8 - 1 . 4 5 . 2 2 . 8 6 2 . 0 2. 5 1 . 1 1 4 . 6
24 2 . 1 5 3 . 5 0 . 5 6 . 8 0 . 8 2 9 . 3 - - 5 . 9 3 . 1 3 2 . 3 0 . 8 5 1 . 6 1 25
4 . 5 - 1 . 1 1 4 . 9 1 . 7 6 3 . 7 - - 1 2 . 0
b) Rinsed Samples.
Time* Cl C Mg N Na 0 Fe Ni Cu Wi dth (eV) S t o i c h . Charge Cu /Cl
(hrs) C N R a t i o . D e n s i t y .
1 3 . 3 53 0 . 3 0 . 5 1 . 4 2 9 . 5 0 . 6 1 1 . 0 2 . 5 NO 0 . 6 0 . 1 9 NA
7 . 1 - 0 . 7 1 . 0 3 . 0 6 3 . 3 - 1 . 2 2 3 . 7
2 2 . 4 5 8 . 8 0 . 3 2 . 4 0 . 9 2 6 . 4 - 0 . 4 6 . 8 2 . 6 2 . 3 9 0 . 6 2 0 . 3 5 9 . 4
6 . 6 - 0 . 9 6 . 1 2 . 4 6 5 . 4 - 1 . 0 1 6 . 9
5 2 . 4 5 4 .3 - - 0 . 7 2 7 . 8 - 0 . 6 9 . 6 2 . 4 2 . 5 6 0 . 2 9 0 . 6 2 2 8 . 0
5 . 5 - - - 1 . 5 6 2 . 4 - 1 . 2 2 1 . 6
10 0 . 5 54 .8 - 1 . 9 - 2 9 . 5 0. 6 - 9 . 9 2 . 4 2 . 6 - 1 . 0 1 9 . 4
1 . 1 - - 4 . 5 - 6 7 . 6 1. 3 - 2 2 . 7
15 1 . 0 49 .7 _ 2 . 4 _ 3 2 . 6 1. 0 - 9 . 0 2 . 6 2 . 3 9 - 1 . 3 3 8 . 3
2 . 2 - - 5 . 0 - 6 7 . 8 2. 0 - 1 8 . 8
24 1 . 6 5 1 .8 0 . 2 8 . 1 j  » 2 9 . 9 - - 6 . 9
i
3 . 0 2 . 6 5 0 . 2 5 1 . 6 1 6 . 3
3 . 4 - 0 . 5 1 7 . 0 - 6 3 . 0 - - 1 4 . 5
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able. 4.15. Notes on XPS Analysis of samples exposed to -150 mV. In Seawater.
posure
Time
1 hr.
h r s .
h r s .
10 hrs.
24 hrs.
Tank 1
i) High Cl content was- found,
ie. Cu/Cl ratio is the lowest.
ii) Copper was in C u ^  state.
iii) By washing,magnesium was removed 
and Cl, to a large extent, but 
Na slightly decreased.
iv) A  trace of Ni and Fe was 
observed. These elements were 
more pronounced after washing.
No significant change in comparison 
with the 1 hr. sample but:
i) Copper was mainly in C u ^  state 
but some Cu'1* ’ was also found.
ii) No trace of nickel was found on 
the outer surface, but after 
washing it became apparent.
After 2 minutes etching, Cl and 
Mg contents were greatly reduced 
and no trace of iron or nickel 
was found.
In comparison with 2 hrs. Sample:
i) Less Cl, Mg and Na were found. 
This was true in the washed 
sample.
After rinsing nitorgen increased 
in this surface.
In Comparison with sample of 5 hrs.
i) The amounts of Cl, Mg and Na 
increased. By sellotape 
stripping, these elements were 
almost removed and a trace of 
nickel was found.
ii) By half minute etching trace of 
nickel was found, but it 
vanished after 2 minutes 
etching. No other change was 
observed after 3 minutes 
etching.
A significant change was a high 
chloride content and Cu/Cl 
remarkably decreased in comparison 
with that of 10 hrs sample.
Nitrogen was not detected in either 
the outer surface or washed surface.
Tank 2
In comparison with Tank 1 the 
differences were:
i) Cl was much lower as Cu/Cl ratio 
was higher.
ii) Magnesium was not completely 
removed by washing as stoich 
ratio was higher.
iii) Nickel but no iron was found on 
outer surface.
Similar to sample from Tank 1 except 
for:
The amounts of Cl and Na were still 
lower than those from Tank 1. By 
washing, much of these elements were 
removed.
No significant difference in 
comparison with Tank 1.
In Comparison with tank 1,
i) Cu/Cl ratio was much higher.
ii) The amount of nitrogen was very 
high. It was still present 
after washing.
Similar to that of Tank 1 but Cu/Cl 
was much higher.
A  trace of nitrogen was found on the 
rinsed surface.
Tank 3
In comparison with Tank 2:
i) Magnesium was highet and not 
completely removed by washing.
ii) Nickel was observed. It became 
more predominant after 1 minute of 
etching but disappeared after 5 
minutes of etching.
Similar to Tank 2 but:
The amount of nitrogen was higher. It 
was still predominant even after washing. 
In other words this sample was more 
contaminated than that from other tanks.
Cu/Cl ratio was the highest among those 
of all tanks.
After washing, the C/O ratio remained 
the same in this sample while it signi­
ficantly decreased in other samples.
Similar to sample from Tank 2 except 
that no nitrogen was found on either the 
outer or on the inner layer (after 
washing).
This sample was similar to that of 
Tank 2 except that Cu/Cl ratio in washed 
surface was higher.
Nickel was present in outer surface of 
this sample. By washing it was almost 
entirely removed, but Iron was still 
present.
A trace of iron was also found on the 
washed surface.
In comparison with Tank 2 and 1, a 
significant difference was the higher 
nitrogen content. It was present even 
after rinsing. Cu/Cl ratio in outer 
surface was higher than those of other 
samples. Carbon width was much broader 
than in the other samples
Table 4.16 XPS Analysis of Samples Exposed to Tank 1 at -200 mV.
a)As Removed.
Time
( hrs)
Cl C Mg N Na 0 Ni Cu Wi dth
C
(eV) S t o i c h .  
N R a t i o
Charge Cu/ Cl  
D e n s i t y
1 8 . 0 5 8 . 3 0 . 9 - 1 . 2 2 8 . 9 - 1 . 9 2 . 5 7 0 . 4 0 . 0 2  0 . 4
1 9 . 4 - 2 . 3 - 2 . 9 7 0 . 0 - 4 . 6
2 2 . 5 5 0 . 1 - 2 . 1 0 . 8 3 4 . 2 2 . 0 8 . 8 2 . 6 2 2 . 6  0 . 3 0 . 0 7  5 . 0
5 . 0 - - 4 . 2 1 . 5 6 8 . 0 4 . 1 1 7 . 6
3 6 . 9 4 8 . 3 4 . 3 - 0 . 9 34 - 5 . 3 3 . 0 9 1 . 4 0 . 0 9  NA
1 3. 4 - 8 . 3 1 . 8 6 5 . 8 - 1 0 . 2
10 2 . 9 5 4 . 6 0 . 9 4 . 1 1 . 2 2 9 . 3 - 6 . 9 3 . 0 4 2 . 4  1 . 0 0 . 0 4  2 9 . 0
6 . 4 - 1 . 9 9 . 2 2 . 7 6 4 . 7 - 1 5 . 2
15 1 .1 4 9 . 3 3 . 6 1 . 8 0 . 9 3 9 . 2 0 . 4 3 . 6 2 . 9 0 2 . 3  7 . 4 0 . 0 7  NA
2 . 1 - 7 . 1 3 . 5 1 . 8 7 8 . 0 0 . 8 7 . 2
24 2 . 5 4 8 . 6 - 2 . 4 0 . 7 31 0 . 4 1 0 . 8 2 . 8 0 2 . 6  0 . 3 0 . 0 5  9 . 0
4 . 9 - - 4 . 6 1 . 3 6 2 .1 0 . 8 2 1 . 1
b) Rinsed Samples.
Time Cl C Mg N Na 0 Ni Cu Wi dth (eV) S t o i c h . Charge Cu/ Cl
(hrs) C N R a t i o D e n s i t y *
2 2 .4 6 2 . 1 - 4 . 6 0 . 7 2 4 .3 - 5 . 6 2 . 7 2 . 3 0 . 3 3 . 3
6 . 5 -  ' - 1 2 . 2 2 . 1 6 4 . 2 - 1 4 . 8
10 2 . 2 5 2 .7 0 . 7 4 . 1 0 . 7 2 8 . 6 - 7 . 1 2 . 9 2 . 5 9 0 . 9 NA
4 . 6 - 1 . 6 9 . 2 1 . 5 6 0 . 7 - 1 5 . 2
15 0 . 6 5 3 . 7 1 . 7 3 . 1 0 . 3 3 4 . 9 - 5 . 0 3 . 1 2 . 7 0 6 . 3 NA
1 . 3 - 3 . 7 6 . 7 0 . 7 7 5 . 5 - 1 0 . 9
24 1 . 9 5 3 .0 _ 2 . 1 _ 3 1 . 3 0 . 5 1 0 . 9 2 . 7 2 . 3 0 0 . 0 5 . 8
4 . 0 - - 4 . 4 - 6 6 . 5 1 . 1 2 3 . 1
* The r e l e v a n t  charge d e n s i t i e s  ra r e  l i s t e d  in  upper t a b l e .
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T ab le  4 , 1 7 .  
a)As Removed
XPS A n a l y s i s o f Samples Exposed t o  Tank 2 at - 2 00 mV.
Time*
( hr s)
Cl  C Mg N Na 0 Ni Cu Width
C
(eV)
N
S t o i c h .  
Rat i o
C u / Cl
1 3 . 1 50 .7 1 . 8 _ 3 2 . 8 1 . 8 9 . 6 2 . 5 2 . 4 0 . 0 3 . 0
6 . 4 - 3 . 6 - 6 6 . 5 3 . 7 1 9 . 5
5 8 . 4 5 2 . 3  0 . 9 1 . 9 2 . 1 2 9 . 5 - 4 . 6 2 . 8 2 . 4 0 . 4 1 . 0
1 7 . 6 1 . 9 4 . 1 4 . 4 6 2 . 0 - 9 . 7
10 2 . 5 5 1 . 4 3 . 9 0 . 3 3 2 . 9 0 . 7 8 . 8 2 . 9 2 . 6 0 . 1 3 . 9
5 . 1 - 8 . 1 0 . 6 6 7 . 3 1 . 4 1 8 . 1
15 2 . 7 5 2 . 8  0 . 6 1 . 5 0 . 7 3 1 . 8 1 . 0 9 . 7 2 . 6 2 . 2 0 . 7 4 . 7
5 . 7 1 . 3 3 . 3 1 . 5 6 7 . 3 2 . 1 2 0 . 6
24 2 . 3 5 9 . 8  0 . 4 3 . 4 0 . 5 2 7 . 1 - 5 . 6 2 . 8 2 . 3 0 . 5 7 . 2
5 . 7 1 . 2 3 . 6 1 . 3 6 7 . 4 - 1 4 . 0
T abl e 4 . 17 b Rinsed Samples.
Time* Cl C Mg N Na 0 Ni Cu Wi dth (eV) S t o i c h Cu /Cl
( hrs) C N Rat i o
1 2 . 8 5 2 . 5 1 . 4 0 . 3 3 1 . 5 2 . 0 9 . 4 2 . 7 2 . 4 0 . 1 3 . 7
6 . 0 - 3 . 0 0 . 7 6 6 . 6 4 . 2 1 9 .9
5 7 . 3 5 3 .3  1 . 3 1 . 8 2 . 1 2 8 . 9 - 4 . 8 2 . 7 2 . 9 0 . 6 1 . 9
1 5. 7 2 . 8 3 . 9 4 . 6 6 2 . 1 - 1 0 . 4
10 2 . 9 5 5 . 6 3 . 3 - 2 8 . 3 - 9 . 7 2 . 7 2 . 3 0 . 0 3 . 2 6
6 . 7 - 7 . 4 - 6 3 . 8 - 2 1 . 9
15 - ND _ _ - - - - 2 . 8 0 . 4 6 . 7
4 . 7 0 . 9 4 . 2 - 6 7 . 4 3 . 0 1 9 . 5
24 1 . 5 6 3 . 0 - - 2 8 . 5 0 . 2 6 . 8 2 . 9 - 0 . 0 4 . 3
4 . 2 - - - 7 7 . 2 0 . 4 1 8 . 5
* Nominal  Time.
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Table 4.18. XPS Analysis of Samples Exposed to Tank 3 at -200 mV.
a)As Removed.
Time*
( hr s)
Cl C Mg N Na 0 Ni Cu Width
C
(eV)
N
S t o i c h .
R a t i o
Cu /Cl
1 7 . 1 5 0 . 6 0 . 9 1 . 0 2 . 2 3 1 . 2 1 . 6 5 . 0 2 . 7 1 . 9 0 . 6 1 . 7
1 4 . 4 - 1 . 9 2 . 0 4 . 5 6 3 . 2 3 . 4 1 0 . 2
2 3 . 5 5 3 . 5 0 . 7 1 . 7 1 . 8 3 1 . 1 0 . 8 6 . 6 2 . 7 2 . 7 0 . 9 2 5 . 0
7 . 6 - 1 . 5 3 . 8 4 . 0 6 7 . 0 1 . 7 1 4 . 2
5 3 . 8 5 5 . 2 0 . 7 2 . 6 1 . 8 2 9 . 2 - 6 . 5 2 . 6 2 . 4 0 . 8 1 2 . 9
8 . 5 - 1 . 5 5 . 8 4 . 2 6 5 . 3 - 1 4 . 5 \
10 2 . 3 5 9 . 0 0 . 9 - 1 . 2 2 9 . 5 -  ■ 6 . 8 2 . 7 - 1 . 3 _
5 . 7 - 2 . 3 - 3 . 0 7 2 . 0 - 1 6 . 6
15 2 . 5 6 7 . 6 0 . 3 2 . 0 1 . 8 2 1 . 8 - 3 . 7 2 . 5 2 . 7 1 . 0 -
7 . 8 - 1 . 1 6 . 4 5 . 6 6 7 . 3 - 1 1 . 6
24 4 . 2 5 8 . 6 0 . 6 2 . 3 1 . 8 2 7 . 4 - 4 . 8 2 . 7 2 . 1 0 . 7 4 . 1
1 0 . 2 - 1 . 4 5 . 7 4 . 4 6 6 . 3 - 1 1 . 8
b) Rinsed Samples.
Time* Cl C Mg N Na 0 Ni  . Cu Width (eV) S t o i c h . Cu /Cl
C N Rat i o
1 2 . 0 4 9 . 4 - 1 . 6 - 3 5 . 3 2 . 9 8 . 5 2 . 6 2 . 4 0 . 0 4 . 1
4 . 1 - - 3 . 1 - 7 0 . 0 5 . 7 1 6 . 9
2 2 . 6 5 2 . 9 0 . 4 2 . 6 - 3 1 . 0 1 . 4 8 . 4 2 . 7 2 . 8 0 . 3 4 . 5
5 . 5 - 0 . 8 5 . 6 - 6 6 . 0 2 . 9 1 7 . 8
5 2 . 0 55 .7 - 3 . 7 - 3 0 . 2 0 . 6 8 . 2 2 . 8 2 . 5 0 . 0 4 . 0
4 . 5 - . - 8 . 3 - 6 8 . 4 1 . 3 1 8 . 6
10 2 . 7 5 6 .6 0 . 6 2 . 3 0 . 8 3 1 . 9 _ 6 . 3 2 . 9 2 . 4 0 . 8 2 . 2
6 . 4 - 1 . 3 5 . 3 1 . 7 7 3 . 5 - 1 4 . 6
24 2 . 0 5 4 . 8 - 4 . 9 - 2 9 . 0 0 . 6 7 . 5 2 . 9 2 . 7 0 . 0 1 1 . 7
4 . 5 - - 1 0 . 9 - 6 4 . 3 1 . 4 1 6 . 6
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Table. 4.19. Notes on XPS Analysis of Samples Exposed to -200 mV. in Seawater.
Exposure
time
1 hr.
2 hrs.
5 hrs.
10 hrs.
15 hrs.
24 hrs.
Tank 1
A  high amount of chloride was found 
in outer surface, i^. Cu/Cl ratio was 
very low, but by rinsing this ratio 
was increased.
No trace of nitrogen was observed on 
the outer surface, but in the inner 
surface.
In comparison with sample of 1 hr:
i) Cu/Cl ratio increased.
ii) Nickel was observed in the outer 
surface, but by washing it was 
removed.
iii) Nitrogen content was very high 
especially on the rinsed surface.
ND
Tank 2
In comparison with sample from Tank 
1:
i) Cu/Cl was higher although no 
trace of magnesium and s o d i u m - 
was found.
ii) A  trace of nickel was found.
ND
In this sample Cu/Cl ratio w. lower 
since the amount of chloride 
increased. No trace of nickel was 
found.
In this sample stoichiometric ratio 
in outer surface was higher than 
unity, since less chloride was 
detected . Still no trace of nickel 
was found in either outer or rinsed 
surfaces.
In this sample:
i) Very high amount of magnesium 
was found in outer surface.
ii) Nitrogen content in comparison 
with 10 hrs sample decreased.
iii) Cu/Cl ratio was practically 
infinite; and
iv) Nickel was found in washed 
surface.
The outer surface of this sample 
differed from that of 15 hrs sample 
in:
i) No Mg was detected on either 
surface.
ii) Nitrogen on the outer surface was 
higher and stayed consistant on 
the rinsed surface.
Similar to sample from Tank 1, but 
Cu/Cl ratio was much lower.
Similar to sample from Tank 1 but 
Cu/Cl was lower since there was 
little magnesium.
Almost similar to Tank 1 sample but 
no nitrogen was found in the rinsed 
surface.
Tank 3
This sample was similar to that from 
Tank 2 except tha t :
i) Carbon peak was broader although 
the magnitude of nitrogen and carbon 
were lower.
ii) Cu/Cl ratio on washed sample was 
higher.
Similar to sample from Tank 1 with a 
difference that Cu/Cl was much higher and 
copper tended to convert to copper(II) in 
Tank 3.
Differences from Tank 2 sample were:
i) Cu/Cl ratio was much higher.
ii) Nitrogen was higher than that of 
Tank 2.
ND
Outer surface was similar to Tank 2 with 
a difference that Cu/Cl ratio was much 
higher.
This sample differed from those of Tanks 
1 & 2 in having a high amount of nitrogen 
on either surface. The Cu/Cl ratio for 
this sample was higher than the other 
samples.
Table 4.20. Quantitative Analysis of the Solution and precipitated 
substances after Exposure of the Samples at -150 and -200*mV.
Sample Time(hrs) CuOug$) FeGugJO NiGugSO
1 70 <20 20
2 62 n n
Tank 1 5 50 n n
10 32 n R
15 48 n R
24 49 n R
1 60 tt <20
2 59 1! R
Tank 2 5 50 n R
10 41 n R
15 33 ii R
24 25 R R
1 40 n <20
2 50 n R
Tank 3 10 50 n <20
15 46 n R
24 60 n R
1 25 - <20
2 16 - R
5 20 - R
Tank 3* 10 20 - R
15 16 - R
24 25 - R
50 26 - R
72 30 - R
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4.3.6 Effect of Temperature
To study the effect of temperature on the corrosion process, the 
samples were placed into the cell at different temperatures vis. 
40°C and 3°C. This experiment was carried out mainly to 
investigate two parameters such as: i)the difference between the
surfaces of the samples drawn from different tanks; and ii)the effect 
of electropotential at different temperatures. Quantitative assessment 
of the sample analysis considered in the following two sections.
4.3.6.1 Free Exposure Test
In this set of experiments the samples were exposed at a high 
temperature i.e 40°C seawater from different tanks and significant 
differences were found (Table 4.21): a)copper was mainly in cupric
state in the outer layer(Fig 4.15), but after wiping it changed to 
cuprous in the sample from tank 3 while it remained mainly in cupric 
state for those from tanks 1 & 2. Copper/chloride ratios were
considerably different both in the outer and the inner layers of the 
samples from different tanks i.e the outer surface of the sample from 
the tank 1 was found to have the highest ratio; b)high magnesium and 
sodium contents were detected. These elements were removed , to a 
large extent, by wiping but the stoichiometric ratio which was <1.0 
showed that the excess chloride was still present on the surfaces. 
c)iron was not ' present on either surfaces; d)only a trace of nickel 
was found on the outer surface but its amount became more pronounced on 
all three samples after wiping; and e)the width of carbon peaks were 
almost the same as on each other on the outer surface of the samples 
and on the wiped surfaces this was slightly higher.
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T abl e 4 . 2 1 .  XPS A n a l y s i s  o f Samples Exposed to Seawater at  40°C , f o r  24 h o u r s .
a)As Removed.
Seawater Cl C Mg N Na 0 Ni Cu ( I ) C u ( I I ) Width
C
(ev)  o f  
N
Cu/C]
Tank 1 7 . 8 4 8 . 7  r . 5 1 . 0 2 . 0 3 1 . 3 0 . 6 2 . 9 3 . 6 2 . 6 2 . 7 8 . 0
Tank 2 7 . 0 4 7 . 5  2 . 2 - 1 . 5 3 3 . 9 0 . 6 3 . 2 4 . 3 2 . 5 - 6 . 8
Tank 3 8 . 7 5 2 . 4  2 . 1 0 . 9 1 . 9 2 8 . 7 0 . 6 2 . 1 3 . 2 2 . 6 2 . 6 2 . 0
T ab le  4 . 2 1 b .  Wiped Samples.
Seawater Cl C Mg N Na 0 Ni C u ( I ) C u ( I I ) Width
C
(ev)  o f  
N
Cu/Cl
Tank 1 - 5 2 . 4 - 1 . 0 - 3 6 . 8 4 . 5 2 . 5 2 . 0 2 . 8 2 . 6 NA
Tank 2 1 . 2 4 9 . 8 1 . 1 0 . 6 0 . 2 3 9 . 4 3 . 3 1 . 0 3 . 5 2 . 9 2 . 1 NA
Tank 3 3 . 1 4 6 . 4 - - - 3 9 . 7 3 . 8 6 . 9 - 2 . 7 - 2 . 2
4.3.6.2 Potentiostatic Exposures
In this set of experiments the samples were exposed in high and in low 
temperature (40°C and 3°C ) water from different tanks under
applied electropotentials. Since no significant difference was 
observed between the XPS analysis of the samples from different tanks, 
only the quantitative analyses of the sample from tank 3 are listed
al High Temperature 
At -150 mV, copper was mainly in copper(II) state. Iron but not nickel 
was present on the outer surfaces ( Table 4.22). By increasing the 
time of the exposure (i. e 5 hours), at this potential iron increased 
on the surface.0y wiping, these elements together with magnesium and 
sodium were totally removed and chloride decreased considerably from 
8.0? to 2.6*. No trace of nitrogen was observed on the surfaces of 
these samples. By further increasing the time of exposure to 24 hours 
a significant increase in the magnitude of both iron and nickel was 
observed. These elements became more pronounced after 30 seconds of 
etching, whereas they were removed by wiping (only a small amount of 
nickel remained on the wiped surface). Magnesium was not observed on 
either surfaces of these samples.
Some experiments were carried out on the samples when dried. These 
samples could also be analysed after stripping by sellotape and it was 
found that the iron and nickel containing layer was not stripped away 
but was tenaciously adherent when dry.
At -170 mV, an important change relating to the chemistry of copper 
occured. This was now in the copper (I) state and the amount of 
chloride was lower. A high concentration of nitrogen was detected on 
the surface, iron was at the level observed at -150 mV but nickel was 
at a much lower concentration. This sample may be compared directly 
with the sample exposed to -150 mV for 1 hour( Table 4.23) because 
equal charge transfer was recorded for these samples.
At -200 mV, the surface remarkably differed from the above mentioned 
samples in that: i) neither iron nor nickel were present on the outer
and the inner surfaces; ii)a high amount of chloride, sodium and
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magnesium was detected but they were removed ,to a large extent, by 
wiping; and iii) copper was present equally in cuprous and cupric 
states on the outer surface , but it changed to mainly copper(II) in 
the inner surface.
In a part of this experiment variations of current were recorded at
-150 and -200 mV. According to the results (Fig 4.16), a rapid 
r
passivation occured on the surfaces of the samples exposed to these 
potentials, as the final current became constant after only 5 hours of 
exposure.
blLow Temperature
At -150 mV the most significant difference noticed on the surface of 
this sample , compared to that of the high temperature one, was that 
neither iron nor nickel were present on either of the surfaces. On 
increasing the time of exposure no considerable change occured, but the 
magnesium was richer than that of the high temperature samples.
At -200 mV, the sample showed a similar surface composition to that of 
the high temperature sample at this potential.
At this stage a few points may be significant to summarize the 
effect of temperature:
i)at high temperature iron and nickel layer formed, but it was 
removed by wiping. At low temperature ,however, this layer did not 
form. A more remarkable passivation of the surface was observed at 
high temperature exposure both at -150 mV and -200 mV (fig 4.16). 
Regarding the composition of the surface it seemed that neither iron 
nor nickel rich layer to be responsible for this phenomenon.
ii) copper was mainly in the cupric state at high temperature, but the
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cuprous state at room temperature. At low temperature both copper(I) 
and copper(II) were found.
iii)nitrogen was not present on the surfaces of the samples from
\
either high or low temperatures, while at room temperature this 
element was frequently present.
iv)a variation of the width of carbon peak on high temperature 
samples was not noticed. The most narrow carbon peak was observed at 
high temperature (Fig 4.18).
In conclusion, there is evidence that organic carbon is adsorbed by the 
surfaces: differing carbon peak widths and nitrogen level suggest that
this varies between tanks and with temperature.
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TANK 2
TANK 1
Binding Energy (eV>
Fig. 4.15: XPS Spectra of Samples Exposed in High Temperature Seawater.
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High Temperature
Na
J J
Room Temperature
Cold Temperature
jTfiinnrj m i m i iji»11 r 11« niiin r|i i n  i »n  1^1 r u r m  i^ ftrrrrrrr^ i
Binding Energy (eV )
Fig. 4.17: XPS Spectra of Samples Exposed at Different Temperature in 
Seawater.
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4.3.6.3 The Effect of Ecological Variety
A clue to the nature of organic species incorporated on the surface may 
be given by the shape of carbon peak. Therefore XPS analysis was 
carried out both on the 1 flaky fouling materials’ (which were taken 
from the wall of each of the tanks) and on the carbon of the sample 
surfaces. This was a basic study with the aim of comparing the carbon 
peaks of the tank wall materials with those of the samples. 
Qualitative and quantitative analyses of the tank wall material are 
shown in Fig 4.19 and Table 4.24.
Table 4.24. Quantitative analysis of the fouling materials.
Sample Cl C N 0 Width (eV) of 
C« N 0
Tank 1 2.1 72.2 2.1 23.5 3.12 2.9 3.3
Tank 2 1.8 75.0 1.8 22 3.2 3.2 3.1
Tank 3 4.1 65.6 3.1 27 3.7 3.1 3.1
* Deconvoluted carbon peaks are shown in Figure 4.20.
The significant differences between these materials as follows: i)The
carbon peak of the material of Tank 3 is much wider than that of the 
other tanks, but the oxygen peak of all materials had a smaller 
difference. Oxygen/Carbon ratio of the materials taken from Tank 3 was
149
cBinding Energy feW
Fig. 4.19: XPS spectra of the fouling materials.
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Fig. 4.20: Carbon peaks of ^ouling materials.
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different to those from the other tanks. The material from Tank3 had a 
higher amount of oxygen and nitrogen but a lower amount of carbon. The 
higher magnitude of chloride of the Tank3 may be correlated to the 
higher amount of sodium as shown on XPS spectra.
4.3.6.4 Free-Ex p o sure Test
In this set of experiments the samples were placed for up to 2 months 
in three beakers containing different kinds of seawater, from different 
tanks (the experimental procedure has been explained in section 3.3.3)• 
The XPS analysis was carried out on 1 as removed1 and on wiped surfaces 
of these samples at intervals during the exposure sequence. Some of 
the surface were also etched for different times (these results are not 
shown in Table 4.25, but they will be referred when appropriate). 
Surface structure and the composition of the specific areas of the 
corrosion product of the samples exposed for 20 days examined by SEM 
and Microprobe analyser are shown in Fig 4.21 and Fig 4.22. To 
facilitate the quantitative comparison of the different zones on the 
surface of the samples. Peak heights for elements in each region( 
corrosion product or deposits) were measured against a constant copper 
Kc( peak height. From the SEM micrographs two different patterns were 
detected i.e dendrite-like precipitates were found on the surface of 
the sample from Tank3, but not from that of Tankl. Higher 
magnification of these regions (right hand pictures) show that they are 
not homogeneous, but unevenly distributed within the precipitate. 
Quantitative analysis of the specific regions of the surface as marked 
W,X,Y and Z together with relevant spectra are shown in Table 4.26 and 
Fig 4.22. These results show that the precipitated areas i.e 
»flaky-likef in Figure4.21.a or * dendritic1 pattern in Fig 4.2i;b are
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Table 4.26 Quantitative Analysis of the Surface by Microprobe.
Seawater Tank Region Fe Ni Cu Cl Na
Near the Salt 
Particles.
1.7 10.7 63.0 16.6 7.1
Tank 1 On the Precipitate 
(W)
0.9 3.8 26.6 57.1 11.4
On the Substrate 
(X)
1.7 11.8 76.3 2.1 7.5
Near the Crack 2.1 10.9 67.0 18.7 1.1
Tank 3
In the Crack 2.9 9.8 65.2 20.6 1.1
Island Precipitate 
(Y)
0.8 2.5 17.3 65.2 14.0
On the Substrate 
(Z)
3.0 12.2 73.5 5.1 6.1
very rich in chloride (even after removal of Na/Cl equivalent), while 
the substrate areas are very rich in copper but poor in chloride. This
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observation was particularly true of the sample from Tank 3 because 
generally a higher chloride level was found on this sample. This may 
be attributed to the well developed pattern of the precipitation and 
the results compare well with XPS results in which the Cu/Cl ratio for 
samples from Tank3 was lower than those from Tankl ( Table 4.25). The
detailed XPS results are tabulated in Table 4.25. According to these
results ,the common features and differences can be listed as follows:
i)The oxygen/carbon ratio after 2-days exposure varied in different 
samples i.e samples from Tank3 had a slightly lower ratio than the 
other samples. This ratio for the sample from Tank3 was 0.65 while for 
the sample from Tank 1 it was 0.72. This ratio remained lower on the 
surface of samples exposed for longer period, but it inversely changed 
on both etched and wiped surfaces. This may be related to a slightly 
higher contamination of the sample from Tank 3.
ii)Cu/Cl ratio of these samples were 1.3 and ’practically infinite’ for
the samples from Tankl and 3 respectively. This might be attributed to 
absence of copper-chloride compound from the outer surface of the 
sample from Tank3. However, after 20 days of exposure quite different 
ratios i.e 2.0, 6.4 and 1.1 were recorded for samples from Tankl, 2 and 
3 respectively. Finally after 60 days exposure this ratio was the 
lowest for the sample from Tank3.
iii)A broadening of carbon peak was observed. This broadening can 
possibly be associated with natural products and can be related to 
organic nitrogen compounds adsorbed on the sample. By increasing the 
exposure time the carbon width increases while the oxygen peak remains 
the same. It should also be mentioned that the width of the carbon 
peak decreased on wiping in the sample from Tank3, while this was not 
observed in those of tanks 2 and 1. This may be attributed to the
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removal of some organic material from the surface. In addition to
this, the surface of the sample from Tank3 seems to be more
contaminated after longer exposure time as indicated by the lower 
intensity of the copper peaks. The carbon peak in Tank2 is wider than
those of the other tanks and it had the same width as the carbon peak
of the fouling material. This was regardless of the time and stayed 
wider throughout the time of exposure. In addition, this was also 
observed on wiped surface of the samples. .
iv)After two days exposure copper ion was still the predominant cation 
species, cuprous ion being present in Tank3 and cupric ion was detected 
in Tankl sample, after 2 months exposure the copper was mainly in 
cupric state. Unexpectedly no iron or nickel were observed even after 
wiping the surface( it should be mentioned that a trace of nickel was 
found on the wiped surface of the samples from Tank2 & 3 after 20 days 
of exposure). It might be interesting to mention that in the inner 
layer of the sample of the Tank 1 copper was in the cuprous state.
v) Nitrogen is present in the surfaces of all the samples. Its 
magnitude irregularly fluctuates over the different times of exposure. 
Nitrogen seems not to be involved in superficial compound since it was 
not removed by wiping (It may be worth ' mentioning that the presence 
of nitrogen does not necessarily indicate the natural product since it 
was occasionally found in synthetic solutions).
vi)Chloride,magnesium and sodium seem to be involved predominantly in 
the corrosion products of the outer surface. Chloride stay on the 
surface after a few minutes of etching, but sodium and magnesium were 
to some extent removed on wiping.
For the sake of clarity these finding may be summarized as follows:
1) higher carbon may be attributed to the contamination of the
156
surface.
2)no evidence was found that the carbon peak broadening was 
associated with the presence of contamination.
3) it seemed that in the first three weeks the environmental 
influence was more important since in this period the conversion of 
cuprous to cupric, formation of nickel compound in the inner layer 
and absorption of nitrogen occured.
4.3.6.5 X-rav Diffraction Analysis
X-ray diffraction analysis was carried out on the precipitated 
substances obtained from the beaker in which the sample was exposed 
freely to the seawater for eight months. The results are shown in 
Table 4.27 indicating the presence of paratacamite or/and atacamite.
Table 4.27 X-ray diffraction data obtained from precipitated 
products of the long term exposed samples.
«dnValues Intensity Species according
to ASTM. (page 117)
5.47 VS C6,C10
2.74 VS C6,C10
1.98 VS
1.61 S C6
1.49 S C6
1.26 S
1.15 S
0.85 S
0.81 S
0.79 S
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Fig 4.21 SEM micrograph of the sample 
exposed to seawater.
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4.3.7 Further Electrochemical Studies
In order to build up Evans ’type1 diagrams as a "graphical method of 
expressing rate of corrosion reaction" to indicate the anodic, cathodic 
and/or mixed controlled region, polarization tests were carried out 
both in aerated and deaerated solutions. By this means the rate of 
oxygen reduction is reduced by the lower oxygen content in the 
deaerated solution. In other words in order to measure the efficiency 
of the cathodic inhibition , it was necessary to deaerate the 
electrolyte and thus suppress the principal cathodic reaction:
In the early stages of the work, a practical problem became clear.
increased in slope as the oxygen level decreased. Thus the extention 
of the Tafel regions was not feasible by a manual plotting of 
Current-Potential curves (Fig 4.23). This problem was studied further 
by use of the Betacrunch computing program (as was explained in chapter 
3 ) enabling the anodic and cathodic polarization curves (Fig 4.24) to 
be constructed accurately from the experimental data. The deaerated 
curves were then found to reveal very interesting results (Fig 4.25) 
and a study of the contrasting behaviour of the aerated and deaerated 
cathodic curves in seawater media became an important aspect of this 
thesis. The crucial aspect, shown well on the two samples in Figure 
4.25, is the increase in slope, i.e loss of cathodic inhibition on 
deaeration. This does not occur in synthetic mixes or in NaCl solution 
and thus the role of organic natural products in seawater became very 
important since it is these which distinguish real seawater from the 
synthetic inorganic mixes.
02 +2H20 +4e- = 40H (1)
This was that the cathodic reaction did
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Fig. 4.26: Current Jump Records.
164
Table 4.28 Electrochemistcy Data.
T es t  Under A era ted C o n d it io n s D e aera ted  C o n d i t io n s .
Pre-exposure
Medium
A p plled  
P o t e n t ia l
Time
(h rs )
Medium BC BA Ic Ec BC BA l c . EC.
N aC l(Test 1) NO 0 NaCl 88 58 3 .6 -2 3 0 91 91 2 .0 -2 5 1
N aC l(Test 2) NO 0 NaCl 95 61 2 .7 -2 2 9 93 73 2 . 9 -2 4 4
Seawater NO 0 Seawater* 81 41 2 .2 -2 2 5 46 67 4 . 6 -2 4 1
NaCl NO 24 NaCl 357 46 3 .7 -1 9 8 - - - -
NaCl NO 24 S e a w a te r 271 42 1 .8 -1 8 7 581 125 2 * 4 -2 5 1
NaCl+Alb. NO 24 N a C l+ A l . 238 66 5 .0 -20 6 85 81 0 . 8 -2 9 6
Seawater NO 24 S e a w a te r 203 45 4 .3 -21 1 71 71 1 . 6 - 2 7 3
NaCl -15 0 5 S e a w a te r 100 54 3 .5 -2 1 3 96 89 1 .7 -2 7 0
NaCl -15 0 15 S e a w a te r 166 56 3 .2 -2 3 9 307 208 4 . 9 -2 6 4
NaCl 
(Test 1)
-15 0 24 NaCl 109 54 1 .6 -2 1 7 111 76 1 . 0 -2 7 1
NaCl 
(Test 2)
-15 0 24 NaCl 121 66 2 .6 -21 4 118 69 2 . 1 -2 6 6
NaCl -150 24 S e a w a te r 254 58 5 .1 -2 0 0 289 119 3 . 0 -2 5 9
NaCl -15 0 48 S e a w a te r 258 148 2 .8 -2 0 9 201 94 1 . 5 - 2 6 2
NaCl(Test 1) -15 0 48 NaCl 225 41 1 .7 -2 2 2 - - - -
NaCl(Test 2) -1 5 0 48 NaCl 117 42 1 .6 -22 4 128 58 1 . 0 -2 6 9
NaCl+Alb.  
(Test 1)
-150 24 N a C l+ A l . 177 45 3 .0 -2 0 5 68 65 1 . 5 -2 6 0
NaCl+Alb.  
(Test 2)
-15 0 24 N a C l+ A l . 182 47 3 .7 -2 0 6 74 64 1 . 6 -2 5 9
NaCl+Alb.  
(Test 3)
-15 0 24 N a C l+ A l . 203 45 4 .0 -21 1 70 71 1 . 6 -2 7 3
Seawater -1 5 0 5 S e a w a te r
t
118 96 8 . 5 ; - 2 i 5 57 90 1 . 5 -2 7 1
Seawater 
(Tank 1)
-1 5 0 24 S e a w a te r 170 54 3 .1 -2 1 1 41 79 1 . 1 -2 7 9
Seawater 
(Test 1)
-1 5 0 24 S e a w a te r 337 72 9 .0 -2 1 8 24 69 4 . 0 - 2 4 5
Seawater  
(Test 2)
-15 0 24 S e a w a te r 189 74 4 .0 -2 1 1 16 79 2 . 6 -2 5 4
Cont'd ....
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Test Under Aerated Conditions Deaerated Conditions.
Pre-exposure
Medium
A p p lied
P o t e n t i a l
Time
(hrs)
Medium BC BA Ic Ec BC BA I c . Ec.
Seawater 
(Test 3)
-15 0 24 Seawater 319 104 7 .5 -2 1 8 80 96 1 .5 - 2 5 7
Seawater -1 5 0 72 S eaw ater 524 89 K) 00 - 1 7 0 207 82 2 .3 -2 3 4
Seawater  
(Tes t  1)
-1 5 0 24 NaCl 381 39 4 .2 -1 9 8 118 93 1 .0 -2 7 3
Seawater 
(Test 2)
-1 5 0 24 NaCl 268 45 3 .6 -2 0 1 96 102 2 .5 - 2 6 5
Seawater -150 48 S eaw ater 195 88 1 .8 -2 0 6 68 45 1 .4 -2 2 0
A r t i f i c i a l
Seawater
-1 5 0 24 Seaw ate r 174 42 2 .0 -1 8 1 133 77 1 .3 -2 6 7
NaCl -20 0 15 NaCl 164 83 4 .0 -2 0 8 361 82 1 .2 -2 6 5
NaCl -20 0 24 NaCl 128 55 2 .0 -2 1 8 264 87 1 . 5 -2 7 1
NaCl -20 0 24 Seawater - - - - 134 72 2 .3 -2 6 5
NaCl -20 0 72 NaCl 263 74 4 .0 -2 4 3 425 61 3 .3 -2 5 9
Seawater -20 0 15 S eaw ater 277 53 3 .9 -1 7 2 191 93 2 .8 -2 3 9
Seawater  
(Test 1)
-20 0 24 Seawater 365 32 2 .1 -1 7 0 178 77 9 .0 - 2 1 9
Seawater 
(Test 2)
-200 24 Seawater 179 78 6 .5 -2 0 2 80 110 1 .5 -2 2 7
Seawater -200 48 Seaw ater 258 148 3 .0 -2 0 9 65 36 1 .0 -2 2 6
Seawater -20 0 72 Seawater 241 89 2 .0 -2 0 3 189 37 1 .1 -2 1 3
Seawater -25 0 24 Seawater 117 43 6 .5 -2 4 5 63 53 1 .4 -2 7 5
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4.3.8 Effect of Ageing* on Electrochemical Behaviour
Following preliminary results, showing that the loss of inhibition is 
more pronounced in the treated (aged) samples rather than in fresh 
ones, alloy samples were first passivated either by free exposure or 
under applied potential ( at -150 or -200 mV) for different times of 
exposure in well aerated condition. The experimental procedure for 
this set of experiments is explained in section 3.3.3. A comparison of 
the changes in current in aerated and deaerated seawater and NaCl was 
made as follows. The final current at -320 mV in the aerated solutions 
was recorded (A1 in Fig 4.26). The cell was then drained and deaerated 
solution was introduced into the cell while the electrode potential 
maintained at -320 mV. In the case of seawater the current jumped from 
A1 to D1 but in NaCl solution it decreased slightly. The current was 
recorded for 3 minutes in order to reach a quite stable current. In 
further aeration and deaeration sequences an increase in current was 
observed in seawater but the current decreased to almost 1/3 of its 
initial value in aerated NaCl . The final current in deaerated 
seawater after 3 minutes reached a value about 50% higher than the 
initial current in the aerated solutions.
The electrochemical sequence of experiments which demonstrate the 
loss of cathodic inhibition are listed in details in Table 4.28. 
According to these results, at these potentials the samples gained a 
higher cathodic inhibition with increasing time of exposure. Excessive 
times of exposure i.e longer than 24 hours, however, did not increase 
the BC values significantly (with an exception that at -150 mV after 72
167
hours a higher value of BC was obtained). The results of these 
experiments also show that the cathodic Tafel constant remains 
unchanged in the low oxygen environment, be it natural or synthetic, 
whenever the initial passivation medium is sodium chloride or 
artificial seawater(Fig 4.27,28) or high temperature seawaterfit should 
be mentioned that the data for high temperature seawater are 
graphically shown in Fig 4.29). When the passivation medium is natural 
seawater then the cathodic Tafel constant decreases to a value close to 
that for the unpassivated surface It may be interesting that this 
phenomenon in the sample of Tank3 was more pronounced than that of 
Tankl (Fig4.30).
4.3.0 Polarization studies on Albuminized 3.4% NaCl
It has already been observed that the most significant difference 
between NaCl and seawater on the mechanism of corrosion is that the 
films formed in seawater are associated with organic compounds. In 
order to assess the role of organic species, few experiments were 
carried out in NaCl solution with albumin added (0.1 grams of Bovine 
Albumin in 100cc 3.455 NaCl solution ). The sets of electrochemistry 
resuls consistently showed that the cathodic inhibition was lost to a 
great extent in low oxygen solution. The effect, however, was not as 
pronounced as that in seawater(Fig 4.31-32 & Table 4.28).
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Fig. 4.28: Polarization Behaviour of the Sample Aged in Artificial 
Seawater.
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4.3.10 Further XPS Studies
In order to investigate the change in the surface chemistry of the 
samples when the cathodic inhibition lost, a few XPS analyses were 
undertaken of the surfaces of samples taken out of the solution at the 
following conditions:
i)Samples swept from -150 mV to -320 mV after 24 hours of ageing at 
-150 mV.
ii)Samples which have met the deaerated solution at -320 mV.
These analysis were carried out on the samples from both seawater and 
sodium chloride solution. The results are shown in Fig 4.34* Several 
repeated quantitative analyses were taken on the test samples from 
seawater ( Table 4.29)» which becuse of the loss of inhibition on 
deaeration became an effective electrode for the reduction of any 
oxygen remaining in the system. Oxygen reduction occurs at this stage 
v is demonstrated by comparison of the surface analyses for surfaces at 
-320 mV, Fig 4.3<f» In aerated condition the surfaces are identical but 
after a brief deaeration the sample passivated in seawater changes in a 
manner which indicates deposition of hydroxides; oxygen, cupric, 
magnesium, calcium ions and sulphur all showing a dramatic increase.
A similar experimental procedure was carried out on platinum 
electrodes. The quantitative surface analyses of these electrodes are 
tabulated in Table 4.30. Adsorption of chloride occurs and magnesium 
is enriched relative to sodium. Little change could be seen in the 
spectra on deaeration lending emphasise to the big changes seen on the 
copper alloy which inhibition is lost. These results will be referred 
when appropriate.
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4.3.11 Effect of Ageing in long Term Exposure
The experimental procedure in this set of experiments was explained in 
section 3.3.3. Here we present the comparative XPS analysis results of 
the samples which: a) were exposed to 3»4Jf NaCl solution applying the
electropotential of -150 mV for 24 hours followed by a long term 
exposure in seawater (from Tank3 ); and b) "unaged" samples but 
exposed to the same kind of seawater were studied. XPS quantitative 
analyses of these samples are shown Table 4.31.
T ab le  4 .3 1 .  XPS A n a ly s is  o f  'A ged ' and U n tre a te d  Samples Exposed to  Seawater Cor Long P e r io d .
Sample Surface Cl C Mg Ca N Na 0 Ni C u ( I ) C u ( I I ) C u /C l
A 1 .8 4 6 .9 1 .1 3 .7 - 3 8 .0 - 1 .0 5 .2 NA
Aged B 1 .2 7 2 .2 - - - - 2 2 .4 - 0 .5 3 .1 3 .0
C 2 .7 52 .7 0 .8 2 .6 - 0 .3 3 3 .5 - 0 .6 5 .3 7 .9
A 3 .2 4 8 .6 2 .1 3 .4 1 .5 0 .7 3 4 .9 - 0 .8 3 .3 NA
U n trea ted  B 1 .8 7 2 .3 0 .6 - - - 2 1 .8 0 .9 0 .3 1 .9 3 .6
C 3 .0 5 7 .7 1 .4 2 .2 _ 0 .3 2 8 .6 2 .0 0 .9 2 .7 1 6 .9
Following the quantitative analysis a significant difference 
between the aged (treated) and untreated samples after a long term
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exposure to seawater may be related to: a)copper/chloride ratio for
untreated samples in the inner layer is higher than that of treated 
samples; and b) the appearances of these two samples were quite
V
different i.e, the corrosion product on the untreated samples were 
soft, greenish-blue while that of the treated sample was hard and brown. 
Deliberately made scratches remained bright and apparently untarnished 
after these periods in seawater.
4.4 Use of AO Tmpedanoe Technique
In order to provide a direct support for instant changes in the 
electronic resistance of the film, as passivation is first developed and 
then is lost, a few measurements using the AC impedance technique were 
carried out. The results are shown in Table 4.32 and Fig 4.3S« Over a 
period of passivation at -150 mV the resistance of the film increases in 
both seawater and in sodium chloride exposure. The resistance is 
retained in the aerated medium at -320 mV but does indeed show a
reversion to the low resistance of the initial surface on deaeration.
As also can be deduced from the behaviour of the Tafel slope, the
resistance recovers during prolonged exposure to the cathodic deaerated
condition.
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Table 4.32. AC impedance Results.
Pre-exposed  
Under Aera ted C o n d i t io n s Test Under Deaerated C o n d i t io n .
Medium P o t e n t i a l  
(mV)
Time
(h)
R
S5V
R. Medium P o t e n t i a l  
cm (mV)
Time Rg 
(h) R* 2 iV c m
Seawater -1 5 0 1 42 1944
-1 5 0 8 53 5504
-1 5 0 26 69 13208
-1 5 0 52 68 28576
-32 0 52 16 2 0 3 4 4 . ----- -S eaw ate r -3 2 0 52 50 6632
-3 2 0 76 41
Seawater -1 5 0 24 4 .0 9680 ------- -S eaw ate r -3 2 0 24 10 3136
NaCl -1 5 0 0 36 1520
-1 5 0 24 58 4168---------- -NaCl -3 2 0 24 53 3984
NaCl -3 2 0 26 53 18568
NaCl -3 2 0 29 53 18568
NaCl -2 0 0 0 11 1840
-200 24 64 106600----- -NaCl -3 2 0 24 28 105480
*NWfk
Increasing Frequency
Frequency used in experiment= 10.5-3060 hertz,
AC Impedance Plot
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The work reported in this chapter has undertaken to see how the surface 
chemical features of the cupronickel condenser tubes related to the 
understanding of the corrosion process developed in the laboratory. In 
order to give an impression of a typical surface formed in flowing 
seawater, several samples from different power plants and from different 
test rigs were collected and examined by XPS. The service history of 
the power station samples was almost impossible to ascertain but that of 
test rigs was very well known.
5.2 Experimental Procedure
The initial study of a sample surface normally took place with a sample 
in an "as delivered" condition. In further studies the relationships of 
the composition were investigated between: a) the outer or natural
surface fAf ;b) the underside of layer removed by sellotape fBf and 
c)the surface exposed on the metal sample after the surface material is 
stripped fCf Fig 5.1.
Some surfaces were examined after several stages of ion etching.A few 
examples of depth profiles at the interface between the middle layer and 
the inner or outer layers are listed in Table 5.2. Some of the samples 
underwent X-ray diffraction analysis (as explained in chapter 3 )• The 
results are tabulated in Table 5.5.
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ALLOY
Fig. 5.1: Schematic diagram of A, B and C layers.
5.3 Results and Discussion
The features of samples from power plants and those from test rigs are 
tabulated in Tables 5.2 and 5.3 respectively. The first column of these 
Tables indicates the source code,colour and also texture on the 
following scale:
No. Texture
(1) Hard, no residue adhering to adhesive tape.
(2) Hard, but residue transferred to tape.
(3) Strong adherent layer which can be detached by knife
(i|) Strong, non-adherent but cohesive layer which Is detached 
by tape.
(5) Weak, non-adherent layer
(6) Soft, can be repeatedly extracted by adhesive tape.
Reference to Tables 5.2 and 5.3 also gives the quantitative analysis of 
these samples. They show the variation of kt% of elements either versus 
etching time or in the different surfaces. The lower figures show the 
composition of the surface when carbon was assumed to be contamination 
and was excluded from the normalization. It should be mentioned that 
the increase in carbon content in the undersurface is due to the 
presence of sellotape (bare surface composition of the sellotape was 
10.5JC Si ,74$ C and 15.5 % 0) so its inclusion in the analyses will have 
depressed , proportionally, the concentration of the other elements.
The organic content and the distribution of alloying metal ions in 
the surfaces ( as listed in Tables 5.2 & 5.3 ) are separately tabulated 
in Tables 5.4 and 5.5 respectively.
5.3.1 Power Plant Tubes
In this set of analysis many samples from different power plants(their 
code shows the location of the power plants) were examined. The XPS 
results of some of them are shown in Table 5.2. Although there are some 
variations in the colour, texture and composition of the surfaces, a few
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follows:
1) Chloride when present reaches a maximum In the fracture plane either 
on surface ’B* or * Cf. This enrichment mostly accompanies Cu(II). This 
is different from lab. samples, ii) Chloride was frequently absent
from either the outer surface or/and inner surfaces. On few occasions
it appeared on the inner surface when it was absent from outer surface
e.g Nigata and Kuwait. No correlation was found between the presence
and absence of chloride with the texture or colour of the corrosion 
products.
iii) The middle layer contains copper and a marked enrichment of either 
one or both of nickel and iron as oxides, chlorides, or more complex 
minerals (X-ray diffraction results Table 5.6). This layer in different 
samples varied greatly in texture from soft and strippable to a hard, 
adherent deposit. There appears to be no correlation between the
inorganic content and this texture but the layers do contain much
organic material and this could influence the strength of the layer 
(this will be briefly discussed later).
iv) Nitrogen was high in the outer surface on the large majority of the 
samples. This layer was even high in the interior of the surface
structure i.e in layer *0* (it should be mentioned that the nitrogen
signal was mostly used as an indicator of biological material).
v)Magnesium was found more frequently than sodium. There was no clear 
evidence whether magnesium belongs just to the composition of the outer 
layer or not, as on a few occasions it was found in a high concentration 
in the inner layer.
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The following notes are based on quantitative analysis of the samples 
which are listed in Table 5.3. The results of each set of samples are 
briefly reviewed here:
5.3.2.1 Sheffield Samples
These samples were obtained from Mrs A. Hall and Dr. A. J.M. Baker [153] 
of the Department of Botany of Sheffield University.
Exposure was in stagnant, real, seawater and other conditions of this
set of samples are tabulated in Table 5.1 under codes SHEF. The 
purpose of the original exposure was to study the influence of 
pretreatment of copper alloy surfaces on the growth of algal 
cultures[153].
SHEF 1: Quantitative analysis of this sample showed that, on the
outer surfaces, copper rises above the nominal composition and no trace 
of iron or nickel was found. Chloride reached a maximum in the
fracture plane (surface fB!) at which copper reached its nominal 
composition (Table 5.5) whereas iron tended to be greater on both *Bf 
and ,Ct surfaces. Nickel is at a greater concentration at the * Cf
surface than that of ,BI surface. Copper is present in both valence
states but in the outer surface, it is mainly in cupric state.
SHEF 4 ; This sample was rich in copper(II) compound with high
iron in the outer surface and a higher chloride concentration.
SHEF 5 This sample differed from sample 1 and 4 mainly in the
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the inner layer but in the outer layer and the presence of this element 
in the water additives should be noted. Sample 5, from texture point 
of view, was almost similar to sample 1 i.e both had a soft corrosion 
product. It seems that the addition of nutrient in absence of aeration
may be responsible for this effect.
SHEF 7: Both addition of Nutrients, Fe++ and aeration had been
used during the exposure (Table 5.1). The difference between this 
sample and sample 5 were: i) in this sample a high amount of iron i.e
5.3$ (Table 5.5) was detected on the fC* surface;!!) a high amount of
chloride was present in the outer surface of this sample, but it was
removed, to a large extent, by sellotape stripping ; and iii) the
corrosion product of this sample was more adherent than that of sample 
5.
5.3.2.2 LaQue Samples (First batch)
This set were obtained from Dr. T.S.Lee ,LaQue Lab. N.C. USA and are 
coded ICN. (Table 5.1-5). The purpose of the original exposure of 
this set of samples was to examine two methods of pretreatment on
samples which were exposed to flowing seawater in a test rig.
The reference surface that had been exposed to air only was that
represented by specimen ICN3. The surface as received was relatively 
clean and consisted only of Cu(I),0 (as oxide) and carbon (as 
hydrocarbon contamination). No nickel or iron appeared on the surface. 
This sample was also examined at several electron exit angles (60,45 
and 20 degrees). Since there was no additional information on 
distribution, these results are not included in here. After an 
interval of few months the sample was again examined. There was a
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Sample ICN1 ;this sample represented the reference surface after 
300 days in seawater. This carried a multicolour layer of corrosion 
product which could be removed with adhesive tape to reveal the 
metallic surface carrying a residual tarnish film. As shown in Table
5.3 the outer surface fA* is characterised by presence of both iron and 
nickel in addition to copper. Oxygen is high and nitrogen prominent. 
Ion etching made a little impact on the surface but no difference was 
found after removal of "5 nm. The undersurface fBf of this sample was 
exceptionally high in nickel(II), a similarity to our samples exposed 
at high temperature in seawater[!6l], Surprisingly, however, there was 
no iron present. Chloride was virtually absent in the outer surface 
but increases through the fracture surfaces *Bf and 1C*. This was in 
close similarity with our results ( section 4.3)
Sample ICN2 & ICN4: sample 4 was that of a surface passivated by
chromic treatment surface before exposure and the pickup of chromium in 
the surface pretreatment was immediately apparent. The only metal ions 
in the surface were those of copper(I) and chromium(III). The surface 
was examined at exit angles of 40,6 0 degrees. To reveal any depthwise 
structure in the Cr and Cu distribution. The quantitative analyses for 
60 and 40 degrees showed that the the chromium signal is slightly 
depressed, R=0.75, at the lower angle (R is the normalized intensity 
ratio Cu/Cr at 60 °: Cu/Cr at 40°) i.e the cuprous oxide is
partly on top of the chromium oxide. After 6 months the surface was 
re-examined, the copper signal had increased relative to chromium and 
was predominantly in the cupric state. The ratio, R, remained less 
than one (0.85)•
189
surface *A* differed from that of sample 1 in degree rather than in 
kind. Iron was still the most prominent metal peak but nickel was less 
predominant. Traces of silicon, calcium, and magnesium but not sodium 
and chloride were found. The carbon peak was again broad , indicating 
the presence of organic products. The underside ’B1 surface of the 
corrosion product was nickel rich but deficient in iron, and surface 
rCf was very similar to that of the untreated specimen, except that 
nickel content in this sample was less than that of untreated sample. 
To summarize the results of this set the following points may be 
significant:
a) the exposed samples were remarkable for the high concentration of 
iron and the underlying massive enrichment of nickel. Clearly there 
has been a loss of copper to the flowing water. There was a good 
chromium pick-up during the passivating process, but on the sample 
examined, this had a little effect on the elemental distribution during 
exposure (Fig 5.2 )
5.3.2.3 LaQue samples (second batch)
The purpose of original exposure was to study the effect of pollution 
on corrosion of pretreated samples in flowing seawater. They were 
coded L1117-1133.
The pretreatments of these samples were similar to the above mentioned 
set with some differences i.e samples L1117 and L1121 were pretreated 
in sodium dichromate. They were then exposed in aerated sulphide 
polluted seawater and nonpolluted seawater respectively. Samples L1125 
and L1133 were cleaned in sulphuric acid, exposed to seawater with and 
without addition of sulphide respectively. The duration of exposure 
was 60 days.
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which have been analysed had the lowest content of carbon (Table 5.3). 
The outer surface was very rich in chloride and copper(II). Chloride
together with iron and nickel reached a maximum inf CT surface and 
copper converted to more cuprous state in this surface.No trace of iron 
and nickel were found in ’B* surface.
Sample LI 121; this sample differed from sample L111T mainly in;
a) the magnitude of chloride and copper were very low ; b) no trace of 
iron and nickel was found in f A* surface. Iron was also not present in 
*6* surface, but it reached maximum in * C* surface ; c) texture and
colour of the corrsion product was different than the previous sample
as shown in Table 5.3.
Sample L1125: this sample in comparison with L1117 had few
differences as: a)magnesium and nitrogen pickup were observed in inner
surfaces; b)iron and nickel enrichment was observed in *Bf surface and 
; d) the texture of the product was softer than that of L1117.
Sample L1133: This sample was compared with sample L21 and a
significant change was found to be that the texture of this sample was 
quite different (see Table 5-3).
In summary the following notes may be taken from the results of the 
above set: a)as far as the effect of pretreatment is concerned * Sodium
dichromate* treatment may be responsible for metal ionic enrichment in 
1C* surface and texture of the product may be attributed to the surface 
pretreatment.
b) regarding the effect of sulphide pollution on surface composition, a
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environments(sample L1117 and L1125) even on dichromate pretreated 
samples. No significant effect could be related to the metal 
distribution of the surfaces but the texture of the samples was softer 
in polluted waters.
5.3.2.4 LaQue samples (third batch)
Purpose of the exposure was to investigate the influence of 
amertap-ball. The individual treatments and environmental conditions 
of these samples are summarized in Table 5.1. In this series 32 
samples were analysed. They are coded IN10-IN112 in Table 5.1-5. 
Purpose of the investigation in this set of the samples was to find the 
influence of amertap-ball cleaning of the tube during the exposure. 
These samples are marked with asterisk below.
In this set of sample, as previously explained, each interface i.e 
A, B and C was examined and spectra are available for each surface. 
However the computer tape was destroyed by lightening after only 
spectra of the ’A1 interface had undergone quantitative analyses. 
Where it is significant a qualitative assessments of the inner layer is 
given from the spectra printed before the tape was damaged.
Sample IN10*; XPS results showed a trace of C,N,0,Fe and Cu. The
difference between the outer lAl and inner *0* surface was not
significant but the magnitude of nitrogen decreased.
Sample IN26:This sample showed a different surface analysis to that
of sample 10, although both were exposed in the same solution
that: a)no metal ion was found on either *Af or fB*surfaces, but in
»Cf surface metallic composition was richer than that of sample 10. 
;b) surface film on sample 26 was very thick,soft and completely loose 
;c) nitrogen compound was deeply incorporated into *B* surface, but no 
trace was found in "c" surface.
Sample IN38* ;Unlike other samples this had a black, soft, and 
flakey surface. However this tube had exceptionally been sealed and 
packaged for transmission from the USA in a wet condition. It was 
observed that the tube was ferromagnetic. This may point to the 
precipitated iron in the alloy rather than iron in solid solution. 
However, iron was not detected in outer surface. In comparison with 
the last two samples another difference was the presence of chloride 
which was high and increased in the undersurface. Copper was present 
mainly in cupric state and accompanied chloride. Moreover the Cu/Cl 
ratio was approximately 2 which could more possibly be due to formation 
of paratacamite.
Sample INS4: this sample had even a softer corrosion product than
that of sample 38. Another slight difference was that the trace of 
iron on the undersurface of this sample was less noticeable than that 
of sample 38. Nickel appeared on the same order as on the previous 
sample.
Sample IN66* ; The environmental difference of the last two 
samples was that ferrous was added to the solution (Table 5.1). A 
remarkable observation was that almost no copper appeared on the suface 
but iron oxide(more likely ferric oxide) did (Fig 5.3A). A trace of
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Nickel seemed to be enriched in ’B* surface.
Sample IN82: This sample had a low copper concentration but one
difference between this sample and sample 66 was that that the texture 
of the surface in this sample was softer.
Sample Q4*; Outer surface of this sample was covered with 
non-metallie compounds predominantly nitrogen, but the inner layer was 
rich in iron in the absence of copper. In other words, the metallic 
composition was completely depressed in * A* surface. Nitrogen was 
found to be incorporated just in 1 A* and *Bf surfaces (Fig 5.4).
Sample IN110 ;This sample,to some extent,was similar to sample 94 
with some differences as: a)corrosion product was more flakey, softer
and less adherent than sample 94; b) copper and chloride were observed 
in inner surface;and c) iron content was poorer than that of sample 94.
5.3.2.5 LaQue Samples (fourth batch)
The next set of eight samples had also been treated in the same way as 
the previous eight samples with a difference that the exposure period 
for each sample was 90 days (Table 5.1). For clarity the discussion on 
these sets is mainly confined to the effect of exposure time, i.e the 
one variable factor between the sets.
Sample IN12*:this sample was similar to sample 10 with few 
differences as: a)organic layer seemed to be thicker than that of
sample 10 (in other words ,contamination became more predominant ) 
;b)no trace of copper and iron was found in the outer surface but was
of carbon and nitrogen but less oxygen than that of sample 10.
Sample IN28: the outer surface of this sample, similar to sample
26, was covered with organic products (as the carbon peak of this 
surface was considerably broader ), but the inner layer was rich in 
iron and nickel and copper. Magnesium and sodium were also found on 
the inner layer. Another significant change is that unlike sample 26, 
chloride was observed in inner layer of this sample.
Sample IMP* ; A significant difference between this sample and 
sample 38 was that chloride was not present on the surface of this 
sample. A quantitative difference was found to be related to the 
amount of nitrogen which was deeply incorporated within the product 
where it reached a particularly high concentration.
Sample IN56 ; There was a little difference from sample No. 54 
found except that was the amount of chloride in all three surfaces of 
this sample was almost negligible. Another difference was a deep 
incorporation of nitrogen in the product.
Sample IN68* ; This sample was almost similar to sample 66 and the 
only marked difference was that the magnitude of iron in the outer 
surface of this sample was slightly higher.
Sample IN84; This sample was covered with heavy organic products. 
Unlike sample 82 no iron was detected on the outer surface. The inner 
surfaces of these two samples were very similar.
sample was very rich in iron (Table 5.5), but inner layers were similar 
to those of sample 94. An important observation on these samples (96 & 
94) was that carbon level was very low in the inner layers (Fig 5.4b)
Sample IN112 ; This sample in comparison with sample 110 had the 
following differences: a) copper was not found on any surfaces ;b)
outer surface of this sample was rich in iron while just organic 
product had covered the outer surface of sample 110.
Considering the effect of surface preparation and environmental 
condition , the following comments may be significant to summarize the 
results of the last 16 samples:
1) Amertap cleaning possibly give more adherence to the corrosion 
products.
2) Addition of sulphide (in absence of ferrous) may bring about the 
formation of less adherent, thick, blackish and flaky corrosion 
product.
3) Addition of ferrous ions to sulphide polluted seawater decreases the 
corrosion rate [154], although it does not improve the texture of the 
corrosion products very dramatically.
Regarding the effect of exposure time:
4)Iron enrichment occurs in outer surface of the sample exposed to 
ferrous dosed solution.
5) Contamination is more considerable in outer layer of the long term 
exposed samples.
6) Incorporation of iron and nickel was observed on the inner layer of 
long term exposed samples e.g this was observed in sample 28 but not on 
sample 26 (which was exposed for a shorter time).
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in the sulphide polluted samples (No. 40, 56) and incorporation of
iron in ferrous added solution also seems to be time dependant.
8) Darker colour of the corrosion product could be due to the pollution 
by sulphide or magnetic effect of alloy (i.e when iron is in 
precipitated form).
9) The occasional observation of an organic rich layer, which is so 
thick to exclude all metallic signals, is in our experience very 
unusual.
The results for another 16 samples from this set are also shown in 
Tables 5.3. They are entirely in agreement with the above mentioned 
points in addition that in the VAmertap1cleaned samples lower level of 
organic substances are incorporated in the corrosion product than in 
the 1 Uncleaned1 sample. Therefore, a repeated discussion in detail 
would be superfluous.
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Table. 5.1 Identification of Samples.
Pretreatment
600 grid emery 
acid cleaning and 
acetone degreasing
Sulphuric acid 
cleaned
Sulphuric acid cleaned 
pretreated in 2.02 
Sodium-dichromate for 
1 hr at 50°C
Sulphuric acid cleaned
Pretreated as ICN2
2.02 sodium-dichromate 
at 50°C for 1 hour
L1121
L1125 Sulphuric acid cleaned
L1133
IN10 Amertap cleaning
IN26 No cleaning
IN38 Amertap
IN5A No cleaning
IN66 Amertap
IN82 
IN9A
INI 10 
IN12 
IN28 
IN AO
IN56 
IN68
IN8A No cleaning
IN96 Amertap
IN112 No cleaning
No cleaning 
Amertap
No cleaning 
Amertap 
No cleaning 
Amertap
No cleaning 
Amertap
Sample
Code
Shefl
ShefA 
Shef5 
Shef 7 
1CN1
ICN2
ICN3
ICNA
L1117
Seawater
Environment
Algal nutrient 
Added
Exposure 
Duration (days)
126
Rig Type 
Aquaria
Medium sterilized 
seawater
As above samples 
+Fe^+ ions injection
As above samples 
+ aeration
Seawater at ambient 
temperature
300 Using tube rig 
once through flowing 
seawater 0.5 m/s
Exposed in air only
Aerated seawater +0.01 
mg/L sulphide
Aerated seawater
As for L1117
Aerated seawater
Seawater
60
30
Flowing seawater 
at 2.0 m/s
Flowing seawater 
at 2.0 m/s
Seawater +0.05 mg/L 
sulphide
Seawater +0.05 mg/L 
sulphide +0.1 mg/L 
ferrous
Seawater +0.1 mg/L 
ferrous
Seawater 90
Seawater + 0.05 mg/L 
sulphide
Seawater +0.05 mg/L 
Sulphide +0.1 mg/L 
ferrous
Seawater +0.1 ng/L 
ferrous
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Sample
Code Pretreatment
Seawater
Environment
Exposure 
Duration (days)
1N9
1N25
IN37
IN53
IN65
IN81
IN93
IN109
IN11
IN27 
IN 39
IN55
IN67
IN83
IN95
IN111
598
609
596
608
594
606
504
530
BNFB
BNFC
BNFD
BNFE
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Amertap
No cleaning 
Grounded to 800 grit
Seawater +0.04 mg/L 
sulphide +2.4 mg/L 
ferrous lhr/day
Seawater +0.04 mg/L 
sulphide +1.2 mg/L 
ferrous 1 hr/day
Seawater +0.04 mg/L 
sulphide +0.14 mg/L 
ferrous continuous
Seawater +0.04 mg/L 
sulphide +0.05 mg/L 
ferrous continuous
Seawater +0.04 mg/L 
sulphide +2.4 mg/L 
ferrous 1 hr/day
Seawater +0.04 mg/L 
sulphide +1.2 mg/L 
ferrous 1 hr/day
Seawater +0.04 mg/L 
sulphide +0.14 mg/L 
ferrous continuous
Seawater+0.05 mg/L 
sulphide +0.14 mg/L 
ferrous continuous
40 C Seawater 
20°C Seawater
It
10°C Seawater
It
20— 40— 20— 40— 20
40— 20— 40— 20— 40 
Seawater at 8°C 
Seawater at 10°C 
Seawater at 15°C 
Seawater at 8.5°C
30
60
60
65
27 day 
interval
60
Rig Type
Flowing seavater 
at 2.0 m/s
Flowing seawater 
at 2.0 m/s
Test pieces were inserted in
the rotating cylindrical electrode
with following conditions:
i) The volume to surface ratio 
was about 100:1
ii) Rotating speed of the rotating 
electrode was 1500 rpm
iii) Seawater as used for this tes 
was filtered to 1 pm and was 
refreshed every day.
iv) Regarding sample 594/606 and 
596/608 differences had been 
observed in the course of Ecorr 
and Rp during exposure.
High level of suspended solids
tt
Fouling season
tt
199
Table. 5.2: XPS Quantitative Analyses of Tube Samples From Power Plants.
SAMPLE Condenser Tube Samples
Source, texture, colour
\bayer Etching ~  ~ ' Mg N " l l a 0 Fe Ni Cu1 & Cu11 Others
^Sequence Time/min.
T 0 " J T O 40 ■" O.fa — - ■ 45 :u i -
i . t t>u. /
5.0 - 1.0 7.0 - 75.0 3.0 - 4.5 1.1
SENDAI(1) 
(6)
A 1 3.0
5.0
38.5 0.8 
1.3
3.4
6.0
- 39.0
64.0
- 3.7
6.0
10.7
17.4
Yellowish Brown 
with green spots 
Colourful surfac 
dominated by 
yellow colour.
i
B
2
0
3.4
5.0
3.0 
5.8
32.0
49.7
0.4
0.6
0.5
0.9
2.3
3.4
1.4
2.7
38.8
57.0
33.6
66.7
5.8
8.5
3.9
5.7
3.7 
7.4
13.3
19.5
1.9 2.5
3.7 5.0
1/2 3.2 43.6 1.0 - - 27.3 2.9 9.7 11.3
5.5 - 1.7 - ■ - 48.4 5.1 17.0 20.0
0 3.1 36.7 0.4 2.2 - 44.2 1.8 3.9 2.1 5.4
4.8 - 0.7 3.4 - 69.8 2.8 6.1 3.4 8.5
1/2 3.1 43.2 - - - 34.0 1.7 7.4 10.5
C 5.5 - - - - 59.8 3.0 12.9 18.5
2 2.4 38.2 0.6 - 0.6 33.8 1.8 11.2 11.3
3.9 - 0.9 - 0.9 54.7 2.9 18.1 18.2
4 3.9 35.3 0.5 - 0.5 26.9 7.0 11.6 13.4
6.0 - 0.8 - 0.8 41.5 10.8 17.8 20.6
SENDAIC2)
(5)
Scraped 
Part of 
SENDAI(1)
A
0
1/2
2
2.8
3.7
25.7
31.7 
21.1
2.0
2.6
2.2
3.3
2.8
2.9
3.9
2.4
3.5
2.0
2.0
2.9
1.8
56.1
75.5
41.1
60.1
46.5
1.1 
2.7
2.9
4.2
8.5
3.9 
5.3
7.9 
11.6
7.5
2.0 1.9 
2.7 2.5
5.9
8.6
7.2
Ca-1.9 S-1.9 
2.8 2.6
Ca-1.8 S-0.6
- - 3.5 2.6 2.3 58.8 10.7 9.5 9.2 2.3 0.8
4 - 18.5 3.3 - 1.6 48.0 9.9 7.3 8.3 Ca-2.2
- - 4.0 - 2.0 58 12.1 9.0 10.2 2.7
SENDAI(3)
A
0 3.5 58.2 - 4.3 0.8 26.5 - 3.2 1.1 2.3
8.3 - - 10.2 1.9 63.3 - 7.6 2.5 5.6
0 - 59.7 - - 36.5 - 2.8 0.9
NICATA
A - - - - - 90.7 - 7.0 2.1
(4) 1/2 - 41.3 - - - 37.1 - 6.7 14.8
Dirty brown - - - - - 63.2 - 11.6 25.1
E 0 1.4 55.2 0.3 -
- 36.7 1.2 2.4 3.0
3.0 - 0.7 - - 81.9 2.8 5.5 6.7
Bright
C
0 49.8
_
- 41.7
83 _
t.9
3.2
6.5
13.0
0 - 63.1 0.9 3.4 2.5 23.2 - 0.7 0.7 2.6 Ca-1.6 Hn^l.Ci
- - 2.4 9.1 6.8 62.7 - 0.8 1.9 7.0 4.3 2.7
KUWAIT 1/3 - 62.3 0.8 - - 22.3 1.8 6.6 2.7 Mn-3.3
(2) - - 2.1 - - 59.0 4.8 17.5 7.0 8.7
Light -  black 2 2.2 60.7 - -
e
24.1 0.6 3.3 4.5 Mn-3.2
■
5.5 61.3 1.4 8.4 11.5 8.0
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SAMPLE
Source, texture & colour
Condenser Tube Samples
\  Layer Etching 
\  Sequence Time Cl C Hg N Na 0 Fe Ni C u 1 & C u 11 Others
C 1 - 36.1 - 1.9 - 46.1 4.1 1.8 7.5 - Mn-2.5
- - - - 2.9 - 72.1 6.4 2.8 11.7 - 3.9
2 - 37.0 - - - 46 -0 4.0 4.0 5.5 - Mn-3.3
- - - - - 73 .0 6.3 6.3 8.7 - 5.1
DUTCH
0 - 32.8 0.6 0.8 - 46.4 0.7 0.5 3 0 Ca-6.0
(2)
- - 0.9 1.1 - 69.0 1.0 0.8 4 4 8.9
Shiny reddish- 
brown
A 1/2 - 38.2 0.4
0.6
- 47.2
76.3 _
6.5
10.4
5.0
8.0
- Ca-2.5
4.0
2 - 35.0 0.4 - - 34.3 1.7 11.5 7.9 - Ca-2.0
- - 0.6 - - 52.8 2.5 17.7 12.1 - 3.0
B - Red-brown B
0 - 59.2 1.0 - - 31.5 0.7 4.0 0.6 - C a» 4 .1
- - 2.5 - - 77.2 1.2 9.8 1.3 - 10.0
0 - 36.5 0.5 - - 45.3 0.6 6.0 2.9 3.0 Ca-5.3
C - As A with C - - 2.4 - - 71.5 1.0 9.5 4.6 4.7 8.3
purple patches
i .5 - 45.0 0.4 - - 30.3 1.9 4.2 16.6 -
- - 0.7 - . - 55.8 3.5 7.8 30.7 -
TOKYO 0 - 56.5 - 4.0 - 36.3 - ' 1.5 1.8 -
(5) A - - 9.1 - 83.9 - 3.4 4.0 -
Light-brown
1/2 - 68.5 - - . 26.7 - 1.3 3.5 -
- - - - - 83.5 - 4.0 10.3 -
0 _ 68.0 0.7 1.5 _ 28.8 _ 0.8 0.4 0.9
Light brown 
with green B
- - 2.3 4.7 - 90.0 - 2.5 2.5 2.8
spots
1/2 - 75.0 0.9 - - 16.9 1.4 3.2 2.5 -
■” - . - 3.4 - - 67.6 5.4 13 10.1 -
0 _ 63.0 1.0 2.7 0.5 28.4 - 1.5 0.7 2.4
Light brown 
with green C
- - 2.6 7.4 1.4 76.7 - 4.0 1.9 6.6
spots 1 - 61.7 - - - 27.8 . - 2.8 6.3 -
- - - - 72.5 - 7.3 16.4 -
BELGIUM
(5)
0 2 .0 
8.6
77 -
_
0.9
3.9
15.4
66.9 _
0.7
3.1
2.0
8.7
S-2.8
12.0
Dark-brown A 1/2 - 51.8 0.6 1.8 1.5 22.9 2.0 9.7 4.3 - C a - 1 .2
- - 1. 1 3.6 3.0 46.7 3.9 19.9 8.8 - 3.6
1 - 62.8 0.3 - 0.5 15.3 0.9 3.9 1.8 - S-0.9
- - 0.9 - 1.4 40.2 2.3 10.1 4.7 - 2.5
0 2.4 74.6 - - - 12.9 - - 0.9 2.3 S«2.4
9.5 - - - - 50.9 - - 3.4 9.0 9.4
Dark-brown B 1/2 - 87.9 - - - 6.5 - 1.8 3.6 -
- - - - - 50.0 - 13.8 27.6 -
1 - 85.4 - - - 7.6 - 2.0 4.9 -
- - - - - 50.7 - 13.3 32.0 -
0 2.6 69.0 - - 1.0 26.6 - 1.0 0.4 1.0
Semi-bright 
and purple
C 8.4 - - - 3.2 86 ^ 0 - 3.2 1.3 2.9
1/2 1.9 60.0 - - - 21.9 - 7.8 5.1 -
- 4.9 - - - - 54.7 - 19.5 12.8 -
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SAMPLE
Source, texture & colour
Condenser Tube Samples
\  Layer Etching Cl C Mg N Na 0 • Fe Ni Cu1 & Cu11
Others
\ Sequence Time/min.
B 0 0.7 77.8 - - -
17.1 - 0.6 1 30
2.9 - - -
- 77.0 2.8 2.8 5 .7
C 0 _ -.62.2 - - 0.9
30.0 - 4.1 0.6 1.4
- - - - 2.4 79.0 - 10.8 1.7
3.7
0 2.3 49.7 - 1.8 - 41.3 -
1.0 0.3 3.6
NAGOYA 4.5 - - 3.6 - 82.1 - 2.0
0.6 7.1
(6) A 1/2 5.1 46.2 - - - 32.9 - 4 .0 11.6 -
A,B I  C - 9.5 _ - - 61.3 - 7.4 21.5 -
Yellowish-green
1 5.1 44.7 - - - 30.2 - 5.9
14.0 -
13.6 - - - 80 .0 - 15.7
37.0 -
B 0 v 2.1 66.3 - - - 30.3 - -
0.1 1 •1
6.3 - - - - 89.9 - -
0.3 3.2
0
_ 35.7 0.6 2.4 3.5 48.0 2.5 -
0.4 2.5 S*K) .6
W AL E S (1) - - 0.9 3.7
5.4 75.2 3.9 - 0.7 4.0 1.0
(6) A 1/2 _ 43.2 - - 0.7 43.8 2.5 -
7.6 - M n “2 .2
A - dirty yellow - - - - 1.1 77.0 4.4 - 13.4 -
3.8
2 .. 34.5 _ - 0.8 41.3 6.2
3.0 12.2 -• M n = 2 .0
- - - - 1.4 72.7 10.9 5.3 21.5 -
3.5
0 44.0 1.3 1.2
- 45.4 1.4 - 0.4 2.1 Ca«0.8
- - 2.3 2.0 - 81,0 2.4 -
0.6 3.8 1.4
B - As A with B 1 83.9 12.8 0.7 2.5
red spots.
- - ■ - - - 79.5 4.6 - 15.5
2 - 85-0 - - - 11.7 1.1 - 2.0 -
- - - - - 72.6 6.8 - 12.7 -
0 - 34.6 - 1.8 5.3 51.0 1.8 0.9 - Ca*=0.8
- - - 2.8 8.1 77.9 2.8 - 1.4 - 1.3
C - As A & B 1 46.5
_ _ _ 35.5 5.1 3.6 5.4 _ M n * 3 .7
with red spots
- - - - - 66.3 9.5 6.7 10.0 - 6.9
2 - 42.6 - - - 37.4 5.8 6.5 7.5 -
- - - - - 65.2 10.0 11.3 13.0 -
0 - 37.5 - 4.4 1 .5 43.1 2.7 1.7 3.4 - M n “3 .9
- - - 7.0 2.4 68.9 4.3 2.7 5.4 - 6.3
WALES 2 A 2 - 41.9 - 2.3 - 41.3 3.7
2.0 5.3 - Mn-3.4
(6) - - - 5.4 - 98.5 8.8 4.8 12.6 - 8.1
Dirty greenish . 2.5 35.2 _ 1.8 1.0 41.8 4.5 4.5 6.8 _ M n » 4 .0
brown
- - - 2.8 1.5 64.5 6.9 6.9 12.5 — 6.1
0 - 51.2 0.9 2.7 - 39.0 2.0 1.0 0.6 1.0 Mn-1.2
- - 1.8 5.5 - 79.0 4.0 2.1 . 1.2 2.1 2.5
B - As A B 1/2 - 51.3 0.6 - - 40.0 1.3 1.5 2.9 -
Mn-2.3
- - 1.2 - - 82.1 2.6 3.1 6.0 - 4.7
2 - 50.5 - - - 39.0 2.0 1.6 3.8 - Mn-2.9
- - - - - 78.0 4.1 3.3 7.8 - 5.9
0 - ,47.4 - 4.3 - 37.7 2.6 2.4 0.6 3.6 Mn-1.4
- - - 8.1 - 71.7 4.9 4.5 1.0 6.7 2.7
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Table. 5.3: XPS Quantitative Analysis of Samples from Test Rigs.
SAMPLE
Source, texture, colour
Test Rig Samples
T5----------
\ Layer 
\ Sequence
ci C Mg N Na 0 Fe Ni Cu1 £ Cu11 Others
cv NV OW
SHEF 1
A 0.7 54.8 0.8 5.1 0.3 34.0 - - 1.3 2.6 P-0.9 • 4.4 3.2 3.8
(5)
1.5 - 2.0 11.3 0.6 78.1 - - 2.9 5.6 2.0
A  - mixed purple B 1.5 67.6 - 0.2 0.2 22.2 0.6 0.3 4.0 3.2 3.8
& green
4.6 - ' - 0.5 0.7 68.5 1.9 0.9 12.5 9j,9
B - purple
c 0.9 53.7 ■ 0.1 2.9 0.4 32.5 1 -1 0.9 3.6 3.8
C - as A 3.3 3.1 3.2
+ metallic 1.9 - 0.3 6.2 0.8 70.3 2.4 2.0 7.8 8.1
SHEF 4 A 1.7 53.2 - 3.6 0.9 34.3 0.8 - 1.3 4.1 P » 1 .3
3.4 2.7 3.2
(5) 3.6 - - 7.7 1.9 73.3 1.8 2.7 8.7 2.7
A - Purple 4 red c 1.2 63.2 0.4 3.2 0.7 • 26.7 _ 0.4 1.2 2.6 P-0.6
3.3 3.0 3.1
C - Purple 4 red
3.3 - - - 1.8 72.6 - 1.1 3.2 7.1 1.6
SHEF 5 A 0.3 58.8 0.1 3.7 0.4 31.4 1.3 - 1.3 3.3 P - 1 .2 3.4 3.4 3.0
(5) 0.6 - 0.3 8.9 0.9 76.0 3.0 - 3.2 7.9 2.9
Same colouring
B 0.4 78.3
_ 0.3 18.3 _ 0.1 2.2 P-0.5
as SH 4 4 3.1 - 3.1
purple spots 1.7 - - - 1.4 84.5 - ~ 0.2 10.0 2.3
C 0.8 63.0 0.4 1.4 0.3 23.1 - - 3.5 0.7 P-0.8
3.5 3.7 3.4
2.2 - 1.2 3.9 0.8 62.7 - - 9.5 1.8 2.1
SHEF 7 A 3.6 65.5 0.4 2.8 0.7 23.7 0.3
_ 0.7 2.1
*• 3.9 3.2 3.8
(1) 10.6 - 1.2 8.1 2.0 .68.6 0.9 - 2.0 6.2
Metallic c . 0.9 66.4 0.2 4.1 0.6 25.7 0.1 1.2 0.0 P-0.7
Copper-Nickel with 3.2 3.1 3.2
purple spots 2.6 - 0.6 12.3 1.7 76.5 0.3 — 3.6 1.7 2.0
ICN 1 A - 39.5 - 4.6 _ 48.0 1.0 3.9 2.0 0.4 C a - 1 .6
(5) - - - 7.6 - 79.3 1.7 6.4 3.3 0.7 2.6
3.6 2.5 3.0
A - Mixed green B 1.1 40.7 _ _ _ 46.0 10.9 0.3 1.9
yellow 4 brown 4 .3 _ 2.61.8 - - - - 77.5 — 18.3 0.6 3.2
B - As A
C - As A 4 B + C 1.3 43.3 - 1.6 - 44.9 0.8 6.7 1.6 0.3 Ca-0.6
metallic 2.3 - - 2.8 - 79.2 1.4 11.8 2.8 0.5 1 .0
4 .2 3.8 2.8.
ICN 2 A - 41.3 0.5 5.0 - 49.4 1.0 0.6 0.5 _ C a - 1 .8
(5) - - 0.9 8.5 - 84.1 1.7 1.0 0.8 3.1
3.3 2.6 3.0
A - Greenish Brown
B 2.2 47.0 - 1.5 - 37.0 1.0 6.3 0.8 3.5
B - As A 3.7 2.4 2.74.1 - - 2.8 - 69.8 1.8 11.8 1.5 6.6
C - As A t B
C 1.5 45.6 - 2.1 - 41.0 0.9 2.7 1.9 3.8
2.7 - - 3.8 - 75.3 1.6 4.9 3.4 6.9
3.9 3.9 3.5
ICN 3
A - 42 .0 • - - - 48 .0 - - 10.0 _
(1) 3 .3 _ 3.3
- - - - — 84.2 - 16.5 _ _
Metallic
Cupro-nickel
ICN 4 A - 63.0 - - - 30.0 - - 1.0 _ trace of
( 0 60* - - - - - 96.0 - - 3.2 - Chromium 2.5 - 3.0
Metallic
67.0
Cupro-nickel
A
40* "
— 27.0 — - 1.0 -
* “ — — 96.4 - - 3.5 -
L 1117 A 11.3 25.8 - 1.3 - 43.0 0.5 1.5 1.6 14.5
(4) 15.2 - - 1.8 - 58.0 0.6 2.0 2.1 19.5
3.2 - 3.0
Dirty green
4 brown B 6.6 56.0 - - - 27.0 - - 1.8 5.3
15.0 - - - - 61.4 - - 4.0 12.0
3.7 - 3.0
C 11.6 33.7 _ _ _ 35.3 0.7 3.5 3.3 10.9
3.0 _ 2.9
17.5 53.3 1.2 5.6 4.9 16.4
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SAMPLE Test R £g samples
Source, texture, colour
\ Layer 
\ Sequence Cl
C Mg N Na 0 Fe Ni tu* A Cu** Others CU NU OW
L 1121 A 0.6 49.6 0.5 6.3 1.0 40.3 - - 0.4 1.2
3.4 2.6 3.1
(2) 1.2 - 1.1 12.3 1.9 79.5 - - 0.7 2.3
A  - Metallic
B 0.9 63.9 0.1 24.6
_
2.2 0.2 2.3
cupro-nickel 3.6 - 3.2
2.3 _ _ _ 0.3 68.0 - 5.9 0.5 6.3
B - As A  4 brown
layer is some c 1.7 40.0 0.5 3.2 _ 44.0 2.5 2.4 0.5 5.0
part 3.2 — 3.3
2.8 - 0.9 5.4 _ 74.0 4.1 4 .0 8.3 0.8
C - As B
A 0.5 40.2 0.5 4.3 2.0 49.3 _ _ 3.3 _
3.7 3.2 3.4
L 1125 0.8 - 0.9 7.1 3.2 82.1 - - 5.5 -
(6)
B 1.7 57.9 0.8 1.2 0.9 31.3 1.2 1.0 0.7 3.2
Greenish 4 .0 _ 1.8 2.8 2.1 74.3 2.9 2.4 1.6 7.6
3.4 2.3 3.4
Yellow
C 4.7 43.0 _ 1.0 0.8 41.0 0.7 0.9 1.3 7.3
2.8 — 2.8
8.2 - - 1.8 1.4 71.9 1.0 1.5 2.7 11.2
L 1133 A 0.4 45.1 0.7 5.4 0.6 46.3
_ _ 0.2 1.3
3.6 2.6 3.0
(5) 0.7 - 1.2 9.8 1.0 84.3 - - 0.3 2.4
A - Metallic
B 0.3 58.6 .0.6 0.5 32.3 1.2 3.1 0.7 2.9
brown 3.7 — 3.2
0.6 _ 1.4 _ 1.1 78.0 2.9 7.5 1.7 7.0
B - Yellowish
metallic brown
C 1.3 45.1 0.7 1.7 0.7 42.2 1.0 1.5 0.6 5.0
3.1 2.7 3.1
C - As B
2.3 - 1.2 3.0 1.0 76.0 1.8 2.7 1.0 9.0
IN 10
(2)
A _ 49.8 _ 8.0 _ 38 .0 2.0 _ 0.6 1.4 4.1 2.7 3.9
Metallic
greenish brown
IN26
(6)
A 63.6 10.8 _ 25.4 _ _ 3.8 1.6 3.1
•Brown, under­
surface yellowish
IN38
(6)
A 5.3 45.0 _ 3.8 0.8 40.3 _ _ 3.0 I*0 3.9 2.1 3.1Black with green
spots
IN54
(6)
A 15.1 33.0 _ _ _ 38.9 _ _ 3.0 9.0 3.6 _ 2.94
Black with green
parts
IN66
(5) A - 45.0 - 7.0 - 44.3 3.2 - 0.6 - 4.2 2.8 4.0
Dark yellow
IN82
(6) A 2.9 45.4 - 6.9 1.4 39.1 3.2 - 0.3 0.7 4.2 2.7 3.9
Brownish yellow
IN94
(5) A 62.8 10.9 _ 26.3 _ 3.9 2.4 3.4
Yellow with
red strips
INI 10
(3) A - 67.5 - 5.3 - 27.1 - - - 3.8 1.6 3.3
Browish yellow
IN 12
(5)
A _ 61.6 _ 10.7 27.6 4.2 2.7 3.6
Dark greenish-
brown
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SAMPLE
Source, texture, colour
Test Rig Samples
\ Layer 
\ Sequence
Cl C Mg N Na 0 Fe
Ni Cu1 4 Cu11 Others CU NW
OU
In28
(5)
Metallic grey
A - 58.0 - 9.8 - 32.0
- - - - 4.2
2.4 3.5
In40
(2)
Dirty green
A - A3.3 4.4 - 41.3 -
- 2.0 8.2 4.5 2.3 *
In56
(6)
Dark gray
A - 51.1 - 7.0 - 36.9 -
- 2.8 2.1 4.5 3.0 3.9
In68
(6)
Reddish-Brown
A - 54 .A - 4.0 0.4 39 1.9 -
- - 4.3 2.6 3.9
In84
(6)
Dark Yellow 
(dirty orange)
A - 59.9 - 10.3 - 29.5 0.3 - -
- 4.1 2.6 3.7
ln96
(5)
Brick red
A - A7.A - 7.5 - 41.5
3.6 - - - 4.3 2.6 4.3
Ini 12 
(6)
Yellowish-
brown
A - 54.6 - 9.2 - 35.3 1.0 -
- - 3.9 2.5 3.7
IN9 (5)
A - greenish brown A _ 36.0 _ 7.0 _ 53.0 0.5 1.5 1.0 S-0.4 3.95 3.1 3.53
b - brown B - 71.2 - - - 25.0 0.8 0.1 0.9 1.8 3.7 4.2 4.3
C - light brown C - 41.0 - 2.7 - 48.0 3.0 0.1 0.8 3.9 S-0.05 4.9 4.1 4.7
IN25 (6)
A, B & C - dirty 
green with 
black spots
A
B
C
-
57.2
80.0
52.0
-
11.6
7.0
31.0
18.0 
35.0
- -
0.1
1.4 . 
4.2
S-0.1
S-0.3
4.1
2.76
4.9
3.1
3.0
3.9
2.8
4.2
IN37 (5)
A - dark green 
with light brown 
strips.
B - Yellow & brown 
C - Metallic
A
B
C
- 49 .0 
52.0 
42.8
-
7.3
0.8
3.6
- 37.0
40.0
46.0
1.0
1.2
1.0
1.8
0.5
2.6
4.7
3.7
S-1.7
S-1.5
4.5
3.4
4.1
2.97
3.0
3.8
3.7 
3.3
3.8
IN53 (6)
A, E A C - 
light green
A
B
C
63.0
78.0
60.0
"" 10.6 
1.0 
9.2
26.5
20.0
28.9
- 0.6
1.95
S-0.03 4.49
2.7
4.7
3.1
2.2 
3.1
3.9
3.1
4.1
IN65 (5)
A - dirty green 
B - light green 
with purple spots 
C - As A, with 
metallic patch
A
B
C -
43.4
60.0
52.0 -
6.2
7.2
1.1
0.2
44.3
31.0
36.0
1.0
-
2. T 
2.4 
1.2
3.0
3.0 
2.5
4.5
4.3
4.7
3.3
2.8
3.7
4.2
4,1
INC 1 (6)
A, B 4 C - dirty 
yellowish green.
A
B
C -
44.0 
67 .0 
46 .0 -
6.0
5.0
2.5 40.0
26.0 
42.0
-
-
1 .5 
0.8 
1.9
5.6 
3.9
4.7
Cl-1.8
4.7
3.7 '
4.8
2.9
2.85
3.7
3.4
4.0
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SAMPLE
Code, Colour and Texture
Test Rig Samples
Cl c Mg N Na 0 Fe Ni Cu1 & Cu11 Others CW NW OW
_ 39.0 4.7 1.7 49.0
_ _ 1.6 4.0 4.6 3.1 3.6
- 67.0 - - - 28.0 1.0 0.5 0.6 2.9 3.7 - 3.55
- 34.0 - 2.4 - 50.0 1.9 1.0 1.4 7.8 4.3 2.97 3.6
_ 39.8 _ 4.5 0.4 51.0 - - 4 2 4.49 3.2 3.7
- 80.0 - - - 19.5 - - 0 5 2.68 - 2.9
- 49.0 - 6.8 - 39.0 - - 0.9 3.5 4.8 2.9 3.7
_ 43.0 _ 6.8 _ 45.0 0.5 - 1.5 2.0 4.1 2.9 3.4
- 44.0 - 1.3 - 41 2.5 1.7 2.0 7.0 S*=0.6 4.3 3.1 3.6
- 33.0 - 2.0 - 49.7 2.3 0.9 4.6 7.5 5.1 2.9 4.4
_ 54.0 _ 8.2 _ 33.0 _ - 1.6 3.0 4.5 3.0 4.1
- 68.0 - 3.3 - 22.7 - - 0.7 2.4 Cl=2 3.8 3.0 3.6
- 52.0 - 7.1 - 34.0 - - 2.5 4.0 4.7 3.1 4.2
_ 42.0 _ 6.4 0.6 47.0 0.8 _ 1.4 1.8 4.0 2.9 3.3
- 50.0 - 2.2 - 39.0 0.7 - 1.0 6.0 3.9 2.9 3.6
- 41.0 - 4.3 - 44.7 1.4 - 2.1 6.8 4.2 2.9 3.5
62.0 10.8
. 26.0 _ 4.2 2.9 3.76
- 75.0 - 4.7 - 19.5 - - 0.4 - 3.9 2.9 3.9
- 61.0 - 9.7 - 27.0 - - 0.5 0.75 4.4 3.1 4.0
- 56.0 _  ' 9.5 - 32.8 _ _ 0.3 0.5 4.28 2.9 3.5
- 73.0 3.9 - 21.5 - - 0.4 0.7 3.7 2.8 3.9
- 58.0 - 9.0 - 31.0 - 0.7 1.3 4.7 3.6 4.2
- 57.0 - 9.2 - 31.0 - - 0.8 1.2 4.28 2.67 3.9
- 76.0 - 2.6 - 20.5 - - - 0.8 3.2 2.6 3.58
- 56.3 - 8.7 - 32.0 - - 0.9 1.6 4.6 3.3 4.3
- 48.0 - 6.0 1.2 42.0 - - 1.9 1.5 4.43 2.9 3.5
- 58.6 - 3.8 - 31.5 - - 2.1 3.9 5.0 3.1 3.8
- 45.7 - 5.4 - 39.6 4.7 1.0 2.6 4.7 5.6 4.3 5.4
_ 62.0 - 10.4 - 27.5 - «. - _ 4.25 2.83 3.6
- 73.0 - 5.7 - 20.0 - - - - 3.7 2.64 3.7
— 63.0 — 11.0 — 25.0 - - - - 4.0 2.6 3.5
Layer
Sequence
IN93 (5)
A  - Greenish 
yellow 
B - As A  
C - Metallic 
light yellow
INI 09 (5)
A, B & C - dirty 
green with yellow 
stains
IN11 (5)
A  - Greenish-brown 
B - As A  
C - brown with 
metallic patches
IN27 (6)
A  - yellowish 
green 
B - As A
C - As A  A B with 
red spots
IN39 (5)
A - yellowish 
brown
B - As A  with 
purple spots 
C - metallic 
patches
IN55 (5)
A  - Green 
B - Green with 
gray spots 
C - Green with 
metallic patches
IN67 (5)
A  ~ Dark green 
B  - Brownish green 
C  - As B, metallic
IN83 (5)
A  - yellowish 
dirty green 
B - As A  
C - As A, 
metallic patches
IN95 (5)
A  - dark green 
B - As A  
C - As A  with 
metallic patches
I N 1 11 (6)
A  - yellowish 
green 
B - As A  
C  - As A  and B 
with black spots
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SAMPLE
Source, texture, colour
Test Rig Samples
\  Layer 
\  Sequence
Cl C Mg N Na 0 Fe Ni Cu1 & Cu11
Others CW NW OW
BNFB (5) A 1.5 35.3 1.3 1.3 1.8 A9.9 - -
0.8 7.2 Ca-1.1 S-0.7
3.A 2.6 3.3
A  - metallic gray 2.A
_ 2.0 2.0 2.8 77.2 - - 1.2 11.1
1.7 1.0
B - yellowish brown
with brick red strip
B 0.8 35.1 0.9 0.6 0.3 A9.9 2.1 1.7 0.9
6.0 Ca-O.A S-0.9
C - brown with r 4 /.
metallic strip 1.2 - 1.A 1.0 0.6 76.8 3.3
2.7 1 .A 9.2 0.6 1 H
C 3.A A0.5 0.A 1.2 1.3 38.8 - 1.1
1.5 7.5 _ -
5.7 - 0.7. 2.0 2.1 65.7 - 1.9 2.5
12.7
BNFC (2) A 0.8 AA.6 0.7 2.A 1.A 36.5 - -
6.8 5.0 Ca-1.3
3.2 2.7 3.1
A  and C - greenish- 1.A _ 1.A A.5 2.5 69.7 - -
13.0 9.5 2.A
blue.
C 1.2 55.3 0.8 2.0 0.9 33.7 - -
0.6 A.2 Ca-0.3 S-0.5
3.1 3.0 3.0
2.7 - 1.8 A.5 2.2 76.7 - -
1.A 9.5 0.5 1.1
. BNFD (1) C 0.1 39.3 1.5 1.7 1.7 52.6
0.9 - 0.9 0.2 Ca- 1 .1 3.0 3.8 3.2
C - Greenish-gray 0.2 - 2.A 2.6 2.7 86.6 1.A -
0.2 1.7 1.7
BNFE (2) A 0.6 38.6 1.7 2.6 0.9
A7.5 - - 0.7 A.9 Ca-1.2 3.A 3.3 3.3
A, B and C - 0.9 _ 2.7 A.3 1.A 77.A - -
1.2 7.9 1.9
greenish blue
B 0.5 57.5 1.3 1.A 0.2 33.1 - -
0.6 3.5 Ca-0.8 S-0.5
3.1 2.2 2.9
1.1 - 3.0 3.2 0.A 77.6 - -
1.5 8.2 1.8 1.2
C 0.8 A1..0 0.6 2.3 0.A A6.1
- - 0.7 6.0 Ca-0.9 S-0.3 3.1 3.2 3.0
1.3 - 0.9 3.8 0.5 78.1
1.2 10.2 1.5 O.A
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as listed in Table 6.3.
SAMPLE SURFACE Fe Ni Cu1 Cu11
A - - A2 58
IN 65 B 15 - 37 00-3-
C - - 33 67
A - - 21 79
IN 81 B - - 17 83
C - - 28 72
A - - 28' 72
IN 93 B 20 10 12 58
C 16 8 11 65
A - - - 100
IN 109 B - - - 100
C - - 20 80
A 12 37 25 50
IN 11 B 19 13 15 53
C 15 6 30 49
A - - 34 65
IN 27 B - - 22 76
C - - 38 62
A 20 - 35 45
IN 39 B 9 - 13 78
C 14 - 20 66
IN 55
A
B - - - 100
C - - - 100
A - - - 100
IN 67 B - - - 100
C - - 100
A - - 40 60
IN 83 B - — 36 64
C - - 35 65
A - - 56 44
IN 95 B - - 35 65
C 8 12 32 58
A - - 9.8 90.2
BNF B B 19.9 16.3 8.4 55.4
C - 11 15 73
A _ _ 57.5 42.5
BNF C •
C : 1 - 12.8 87.5
BNF D C - - 81.8 18.2
A - - 13 87
BNF E B - - 15 85
C - - 11 89
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T ab le  5.  
o f  the '
6 X - ra y  D i f f r a c t i o n  A n a ly s is  o f  
Power P l a n t s '  Samples.
the  Scraped C o rro s io n Prod ucts from Some
SAMPLE "d" Value I n t . Component SAMPLE "d" Va lue I n t . Component
by ASTM. by ASTM.
2 .4 6 VS Cl 2 .4 6 VS C1,N2
2 .0 6 S 2 .1 2 S
1 .7 8 FS N2 2 .07 S
1 .50 S C l 1 .7 9 S N2
1 .2 8 S Cl 1 .5 0 S Cl
1 .2 6 W 1 .2 8 W Cl
BELGIUM 1.23 W DUTCH 1 .5 0 W
1.03 W 1 .2 8 W
0.97 FS 1 .2 7 W
0.94 FS 1 .2 3 w
0 .87 W 1 .0 8 w
0 .82 FS
5 .46 VS C6 ,C5 5 .4 0 s C6,C5
3 .01 W Cl 3 .0 1 w Cl
2 .74 S C6,M2 2 .7 3 FS C6
2 .46 VS C1,N2 2 .4 6 S Cl ,N2
2 .26 W C6 2 .2 5 FS C6
2 .13 VS M2 2 .1 2 FS M2
NIGATA 2 .06 VS C6,N2,M2 NAGOYA 1 .8 0 w C6
1.74 S C6 1 .7 0 W C6,M2,N2
1 .51 VS C l 1 .5 0 S Cl
1 .2 8 S C l 1 .2 8 S Cl
0 .98 S 0 .9 7 W
0.87 w 0 .9 5 FS
2 .45 vs C1,N3 '5 .46 S C6, C10
MARGAM A 2 .1 2 w C l, N3 3 .3 1 W C6,C10
2 .06 w N3 2 .7 6 S C6,F2?
1 .5 0 w N3 2 .4 6 FS C6
TOKYO 2 .2 6 W F2?
2 .4 5 vs C l , N3 2 .1 2 W
MARGAM B 2 .12 s C l ,N3 1 .5 1 W F2?
2 .06 s N3
1 .80 w N3
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Fig. 5.2: Elemental Distribution on ICN Samples
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Fig. 5.3: XPS spectra of the IN66 sample
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Fig. 5.4: XPS spectra of the IN94 sample
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Sets of samples were collected from Prof. Ijsseling's Lab. Royal 
Netherland College, Denhelder, Holland. They are coded Samples 
598,609, 596,608,594, 6 06 , 53 0 and 504 in Table 5.7. Full experimental 
procedures together with electrochemistry data i.e corrosion potential 
reciprocal polarization resistance values, etc. have been reported and 
published by Ijessling [46]. In here a brief exposure condition and 
observation with regard the surface composition and characteristics of 
corrosion product film are presented in Tables 5.7
and Figure 5.6). The purpose of this set of experiment was to 
study the effect of temperature on the mechanism of corrosion of the 
cupronickel alloy).
Sample 5Q8 fi|Q°C)___
One of the important features of this sample was the presence of a 
thick (in comparison with cuprous layer), iron-rich inner layer. This 
is particularly predominant after half minute of Argon Ion etching. 
For example the atomic percent of iron increases considerably to about 
nine times greater than the nominal composition of the alloy (see lower 
figure in Table 5.7). Calcium increased upon etching but carbon
decreased, as expected.
/
Iron/copper ratio is also shown in the Table 5.7 . It records a 
higher value in comparison with that of other samples. This might be 
one of the decisive factors for the suppression of corrosion in this 
sample.
2 15
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This was another sample which had been tested in the 40°
temperature test. The quantitative results for this sample showed 
similar figures to that of sample 598, with a few differences such as:
1)nickel was observed in inner layer of this sample ii) a trace of 
sodium was found ; and iii)Fe/Cu ratio for this sample was higher. As 
far as the corrosion rate of this sample was concerned, only a slight 
difference between these samples (609 & 598) was reported.
Sample 5 06 f20°C ) The outer surface of this sample showed a 
similar characteristic to that of 1 higher temperature samples* with a 
difference that in outer surface of this sample contained more cupric 
than that of sample 598 (40°C sample). Nitrogen and oxygen
contents were higher. The former element was predominant even in the 
inner layer. In addition, the carbon peak of this sample was much 
wider than that of previous one, the copper content reached a higher 
value in the inner layer(e.g 33« 1 % against 19.2? for 40° sample)and 
; iron and magnesium were observed in this sample, but in comparison 
with that of higher temperature samples, the content was lower.
Sample 608
Although this sample had been treated at the same temperature as sample 
596, quite a different corrosion rate had been obtained. For example 
corrosion rate of 125 and 56 m/yr had been reported for samples 608 
and 596 respectively. This might be related to the differences in the 
film compositions i. e copper(II) in the outer layer of this sample was 
much higher than that in sample 595. Absence of chloride from the 
layers of these samples showed that there was no formation of 
paratacamite. On these samples a negligible quantity of magnesium was
216
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Sample 594 (10°C1
The outer surface of this sample differed from that of sample 596 in 
having high cupric content. No magnesium or sodium were found. 
Nitrogen remained predominantly high in inner layer. The Fe/Cu ratio for 
this sample, was very low.
Sample 606
This sample differed from previous samples in: i) copper content in
outer and inner layer was lower ii) trace of magnesium was found in 
inner layer after one minute etching; and iii) Fe/Cu ratio was also 
higher. It is worth mentioning that corrosion rates of 68 and 150 
m/yr had been reported for this sample and sample 59^ respectively.
Ageing at Temperature
Samples 530 and 50^ The main purpose of this set was to investigate 
the effect of ageing (or first exposure temperature) so, these samples 
had alternatively been exposed to different temperatures starting from 
HO and 20°C respectively with interval of about 27 days. The 
quantitative results were similar to those for 598 and 596 
respectively. Therefore the results are not shown here, but it should 
be mentioned that the temperature condition during the first period 
seemed to be of greatest importance for corrosion behaviour( see also 
Fig 5.6).
To review the results of this set of samples, few comments may be 
significant:
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show that such layers are formed In an Intermediate position.
11) Co-existance of Iron and magnesium In higher temperature samples 
showed that there might be a formation of megneslum-iron compound i.e 
pyroaurite which is a well known inhibitor. In other words higher 
temperature could accelerate the formation of this complex which will 
contribute to a good corrosion resistance.
iii)Another point which might be relevant was that carbon peak was 
narrower in high temperature than low temperature samples. So 
incorporation of organic substances at a particular temperature might 
be related to the higher corrosion rate.
Another set of samples which might be classified in this section 
are briefly reviewed in here as follows:
5.3.2.7 BNF Samples
This set of sample was received from Dr R. Francis of BNF( British 
Nonferrous Alloys) laboratory. The purpose of this exposure was to 
examine the effect of temperature and fouling season effect. They are 
coded as BNB-BNE.
BNFB: Copper found in this sample was mainly in cupric state on all
three surfaces (Table 5.4). Chloride, magnesium and sodium were 
predominant in all surfaces of this sample and the stoichiometric ratio 
i.e (2Mg +Na +2Ca)/Cl was therefore considered.lt was >1.0 in the outer 
surface and <1.0 in inner layer. This might mean that no 
copper-chloride compound was present in the outer layer but was in the 
inner layer. An important feature of this sample was that iron and 
nickel were very high in the fBf surface. On the * C1 surface iron had
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Sample 598 
(40°C)
Sample 596 
(20°C)
Sample 564 
(10°C)
Sample 530 
40— 20— 40—
Sample 504 
20— 40— 2 0 -
Fig. 5.5: Appearance of corrosion product film on Rig samples.
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Table. 5.7: XPS Quantitative Analysis of the Holland Samples.
SAMPLE
Code, texture, colour
Layer
Sequence
Etching 
Time 
(mins.)
C Mg Ca N 0 Fe Cu 1 SCuII Others C N O Fe/Cu
598
(1)
A 0 55.1 0.7
1.6
0.1
0.2
2.9
6.4
37.1
82.6
1.6
3.6
2.4
5.3
3.3 2.4 3.3 0
Golden Brown
A 1/2 35.3 3.6
5.5
0.7
1.0
1.0
1.6
37.9
58.6
3.9
13.8
12.4
19.2
-
2.8 2.6 3.5 0.7
609
(1)
A 0 55.3 0.9 
2 .0
0.3
0.7
4.0
9
37.0
82.7
0.9
1.9
0.9
1.9
1.6
3.5
Na=0.5
1.0
3.4 2.6 3.4 0.36
Golden Brown
A 1/2 44.1 3.3 1.8 1.2 34.0 8.3 5.2 - N i = 2 .3 Na=0.6 
4.4 1.0
2.9 3.6 3.5 1.6
596
(5)
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Fig. 5.6: Shape of Carbon Peaks of Holland Samples,
a) 40°C b) 10°C c) 25°C
almost vanished and nickel decreased. Chloride, magnesium and sodium 
were predominant in all surfaces.
BNFC ; this had a fairly adherent greenish corrosion product. A 
close similarity between the analytical results of surfaces 'A' and ' C* 
showed that almost no material had been removed by sellotape. This 
sample in comparison with sample BNFB had a higher carbon content and 
nitrogen uptake.
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visible trace on sellotape was observed. A peculiarity of the surface 
of this sample was that copper was in cuprous state, unlike other 
samples. A small amount of chloride was detected.Oxygen content in 
comparison with other samples was higher.
BNFE ; This sample had a homogeneous greenish-blue corrosion 
product. Results obtained from the analysis of this sample were 
similar to those of BNFB & BNFC with a variation that this sample 
chemically differed with sample B in having no enrichment of nickel on 
any of the exposed surfaces.
To summarize the results obtained from the BNF set the following 
notes might be significant:
a) sample BNFB was very similar to the standard view of protective 
cupronickel surfaces, for example as described by Pryor or Pickering 
et.air3Q.1171.the outer surface was copper rich while the inner layer 
enriched in nickel and iron. Chloride reached a maximum in the ,Cf 
surface.
b) the corrosion products on samples C,D and E were similarly adherent 
and in neither enriched layer of nickel products could be found.
c) the surface of sample BNFD was unusually rich in iron and cuprous 
products.
In summary to compare the results obtained from the analysis of the 
test rigs samples with those of power plants, few points may be briefly 
reviewed here:
i) The outer layer of the power plant samples (here after called P.S) 
were rarely consistant with 100$ copper compounds while 100$ copper was
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ii)The texture of nearly 8 samples out of 12 were classified as grade 5 
or 6; being similar to the texture of the samples which were from 
LaQue Lab. It seems that,from the texture point of view, the condition 
of the service for these tubes were similar. Since the experimental 
condition for those set of samples were under sulphide contamination 
therefore, a similar situation may have been met in the P. S samples.
5.3.2.8 p H dependence of CA706 surface
The experimental procedure for this investigation was explained in 
chapter 3. Quantitative analysis of the samples are shown in Table 
5.8. The samples were chosen from BNF Rig (upper table) and from LaQue 
Rig (lower table). No regular dependence of any element was found. 
The stoichiometric ratio for all samples exposed at different pH values 
are the same and slightly below unity. This means that almost all the 
chloride can be accounted for as sodium or magnesium chloride. It 
should be mentioned that on BNF sample two layers i.e tAt and lCf were 
studied and no change in stoichiometric ratio of these samples was 
found.
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Table. 5.8: ipH Dependence of Surface Composition.
CONCENTRATION (AtX) Stoich Ratio 
(2Mg ♦ Na) 
Cl
PH LAYER Cl C Mg Ca Ni Na 0 Fe Cu(I) Cud I)
9.8 A 3.6 49.2 1.7 0.3 2.1 0.9 35.5 0.8 0.4 4.3 1.1
9.8 . C 4.1 57.0 1.3 - 2.3 1.4 31.0 0.3 0.1 1.9 0.99
8.2 A 3.5 55.3 1.3 - 2.3 0.9 34.6 0.3 0.1 1.8 1.0
8.2 C 3.2 58.2 1.0 0.3 2.7 1.0 30.0 0.1 0.6 2.6 0.95
7.0 A 4.0 45.9 1.2 0.1 4.5 1.4 38.4 0.1 0.7 3.0 0.94
6.0 A 4.7 48.6 1.1 - 3.7 1.5 37.6 0.2 1.0 2.0 0.85
6.0 C 4.2 54.6 0.9 0.2 1.5 1.6 30.4 0.1 1.0 3.5 0.80
5.0 A 3.6 46.7 0.8 - 3.8 0.9 40.1 0.2 1.0 2.9 0.75
5.0 C 5.5 59.8 0.8 - 2.5 2.6 26.5 0.5 0.7 1.4 0.75
Unexposed A - 54.3 1.2 - 1.8 1.0 38.1 - 0.8 3.7 -
Unexposed C 1.1 58.4 0.3 0.3 1.9 0.8 32.4 0.5 0.8 3.4 1.4
PH Cl C Mg N Na 0 Cu(I) Cu(I I) Stoich Ratio 
(2Mg ♦ Na)
Cl
9.7 4.1 61.3 1.6 1.7 1.3 30.6 0.4 1.3 1.08
9.0 5.8 48.0 2.0 2.9 1.8 36.4 0.5 2.6 0.98
8.2 4.4 52.0 1.3 4.0 1.8 32.5 1.4 0.5 0.98
7.5 3.6 54.9 0.9 6.3 1.5 31.5 0.6 1.0 0.95
7.0 3.8 52.3 1.0 5.0 1.6 34.4 0.6 1.0 0.92
6.5 3.8 54.0 1.3 6.1 1.2 32.3 0.4 1.2 1.01
6.0 2.7 62.6 1.0 4.3 1.0 27.3 0.2 0.9 1.02
5.0 1.7 56.0 0.7 7.0 0.5 32.8 0.5 1.1 1.1
4.5 4.0 48.1 1.5 2.5 1.0 37.4 0.7 2.1 0.98
3.6 4.6 50.4 1.5 3.0 1.4 36.4 0.4 2.0 0.93
Unexposed 0.9 49.7 0.48 6.3 0.8 40.5 0.4 1.1 1.9
Upper Samples from BNF Rigs.
Lower Samples from LaQue Centre rigs.
3.3.3 uorrejLa^ion oe.uween . one uuaj. lLauive Anaj.vaisf Texture ana uoj.oure 
of Surface
The correlation between the texture and colour of the samples and the 
compound are summarized in Table 5.9. Since carbon and oxygen are 
dominant substances of surfaces, they have been excluded from the data. 
From the Table 5.9 the following common features may be observed:
i) The original metallic alloy colour is not lost when the analysis 
contains a small quantity (< 2? ) of elements such as nitrogen, chloride 
and sodium and less than 0.5? of iron detectable in the surface.
ii) Green colour of the surface may be expected to point to the formation 
of basic copper chloride, but this is not always the case. For instance 
in many tests a green colour was observed while chloride was absent. 
Copper(I), Copper(II) and nitrogen were the dominant elements of a green 
surface. Nickel was not present in the green surfaces when the colour 
was yellowish. Iron was almost absent from the green surfaces with an 
exception that less than approximately 0.6? was found in one of the 
samples.
iii)A brown colour seems to be related to the presence of nickel and 
iron. In almost all the surfaces with a brown colour, nickel and iron 
were found. The intensity of the colour varied with the magnitude of 
nickel content.
iv)A brick-red colour in few samples may be representetive of iron 
compounds.
v) Yellow colour was observed when the surface was rich in organic 
species. No particular mineral substances may be responsible for this 
colour.
vi) Other colours such as black, gray and orange were not representing 
any particular mineral element but copper.A purple colour was observed
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As far as the texture of the corrosion product is concerned, it 
seems that there is no specific correlation between the colour and the 
texture of the product except that golden-brown colour was representing 
the most adherent film. In one of the samples it was found that 
greenish-gray product was very adherent, but this could not be 
experienced in aijy other samples. Generally speaking those surfaces 
which were rich in organic substances (specially sulphur contents) had 
the softest product, but on the other hand it should be mentioned that 
none of the minerals present in the surface is responsible for the 
adherence of the corrosion products.
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Table. 5.9: Correlation Between the Quantitative Analysis and Texture.
(Texture) Colour Cl Mg ' N Na Fe Ni Cu1 Cu11 Otheri
(4) Original Alloy 
Colour (1)
+ + + + + - + +
(1) II (2) - - - - - - + - -
(5) II
with purple spots
+ + + + + - + + P
(5) Green (1) + + + + - - + + -
(6) Green & purple spots + + + + - - + + P
(5) Green (2) - - + - - - + + -
(5) Dark Green (1) - - + + - -■ + + -
(5) Dark Green (2) - - + - - - + + -
(4)(5) Dirty Green o r - - + - + - + + S
(2) Dirty Green (2) - - + - - - + + -
(6) Blackish Green + - + - + - + + -
(6) Light Green (1) - - + - - - - + -
(5) Light Green (2) - - + + - + + -
(6) Yellowish Green (1) + - + + - - + + -
(6) Yellowish Green (2) - - + - - - + + -
(5) Yellowish Green (3) - - + - - - - - -
(6) Yellowish Green (4) + - + - - + + + -
- Yellowish Green (5) + - + - - + + + -
(5) Brown + + + -
(5 or 6) Light Brown (1) - - + - + + + + -
(6) Light Brown with Green Spots (2) -
+ + - - + + + -
(4) Dirty Brown (1) + + -
(4)
II (2) + - + - + + + + -
(5) Dark Brown + - + - + - + s
(2) (6) Reddish Brown - + - - + + + - Ca
cont..
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(Texture) Colour Cl Mg N Na Fe Ni Cu Cu** Others
(6) Dirty Greenish 
Brown - -
+ + + + + - Mn
(5) Greenish Brown (1) - - + - + + + + S
(2) Greenish Brown (2) + - + - + + + + -
(6) Yellowish Brown (1) + + + + + + + + s
(6) Yellowish Brown (2) - - + - + - - - •
(5)
Yellowish Brown 
with brick-red strips
+ + + + + + + + Ca, !
Brown with metal patches 
removed from brick-red 
area
+ + + + - + + . + -
(5) Brick-Red
Yellow
+ — + —
1(6) Dark Yellow - - + - + - + - s
(5) Dark Yellow with 
red strips - -
+ - + - - - -
(6) Brownish Yellow - - + - - - - - -
5) (5) Greenish Yellow + + + + + + ■ + + -
(6) Dirty Yellow - + + + + + + Mn
(2) Black + + - - + + + + Mn
(6) Black with 
Green spots
+ - + - - - + ■ + S
(5) Gray + + + + - - + + Ca, S
(1) Greenish Gray + + + + + - + + Ca
(6) Dark Gray - - + - - - + + -
(2) Greenish Blue + + + + - - + + Ca
(5) Purple & Red + - + + + + + + P
(5)
Multicolour
(Creen-Yellow-Brown)
+ - - - - + + + -
(6) Dominated Yellow + + + - - + + + -
(1) Gold Brown (1) - + + - + - + + Ca
(1) Golden Brown (2) - + + + + + + + Ca
(1) Golden Brown (3) + + + + + - + + Ca
T3.«f fXPJU r a m
In spite of a very satisfactory performance of CA706 alloy, a few 
problems were unexpectedly reported in connection with fouling and 
localized corrosion of this material used in fish cages. The factors 
responsible for these problems are not yet known. Discussion of the 
fouling problem is beyond the scope of this thesis. However a few 
microprobe analyses were undertaken from different region of the piece 
which are marked (W), (X), (I) and (Z). It should be mentioned that XPS 
or AES analyses could not be carried out in this case, because of 
surface charging during the analysis. Analysis of the thinned and thick 
sections (W &X and Y & Z respectively) showed that a significant 
difference in the composition of these parts was related to the 
chloride,calcium,copper and sulphure levels. No calcium was detected on 
the thin wire sections (Fig 5.7)» while a high level of this element was 
found on the thick sections. The thin (corroded) sections had an etched 
appearance and had higher amount of Cu and Ni than on the thick ones. A 
trace of sulphur was also found on the thin but not on the thick 
sections. One possible explanation of for the absence or the presence 
of calcium from the corroded and uncorroded sections may be attributed 
to galvanic effect; i.e the thinned part section has been anodic in 
respect to the thick sections and calcium deposited on the cathodic 
areas.
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Fig. 5.8: Microprobe Spectra of the Fish Farm Mesh.
6 DISCUSSION
The aims of this research were outlined in the introduction to this 
thesis and within the framework of the experiments, an attempt has been 
made to complete this research program. The following sections highlight 
the main points with a more detailed discussion.
6.1 Corrosion and Inhibition
The corrosion and inhibition of the alloy was studied in terms of the 
potential dependence of reaction product composition. In this study, 
the samples were held at various constant potentials in 3.4$ NaCl
solution or seawater at room temperature (as explained in chapter 4).
According to work by Bonfiglio et.al [156] , the anodic dissolution of 
copper in chloride media follows a similar mechanism in acid as well as 
in buffered solutions, i.e the slow transport of cuprous chloride 
complexes towards the bulk is the rate-determining step over the entire 
anodic polarization range. They concluded that a limiting current 
density appears at high anodic polarization which is associated with 
cuprous chloride saturation at the electrode surface. In a similar work 
by Agar et.alf1571. they also stated that the diffusion of cuprous ions 
away from the electrode to the bulk of solution by means of soluble 
chloride-ion-complexes was the rate determining step. A dynamic 
equilibrium is established between the cuprous ions concentration at the 
electrode surface (this might give an expectation that stirring the 
solution would disturb the behaviour of the polarization curve due to
changes in concentration polarization). Our results are, to some
extent, in agreement with Bonfiglios work. XPS analysis of the rinsed 
surface showed that the copper/chloride atomic ratio was unity, 
confirming that the Cu^Clg product was consistently present in
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tne inner layer or tne samples expo sea to wauL solution eitner unaer 
eleotropotential control or in the free exposure condition. However,
excess chloride on the outer surface was detected. A possible 
explanation for this observation may be the occurance of the following 
reactions on the surface.
Cu + Cl- =CuCl +e- 
CuCl +C1- =CuCl2- 
CuCl2- + Cl- =CuCl3=
According to the literature, copper(I)-chloride in general is 
insoluble in water but in the presence of chloride ions, complex
formation such as CuClg”, CuCl^- ,CuCljp ,CuCl^= and 
CuClg= [158,159] may occur.
As far as the electrochemistry results are concerned, the corrosion 
products cause a decrease in the rate of oxygen reduction. In agreement 
with Pickering et.alf491. oxygen reduction may occur at the interface
between a porous detachable outer and an adherent inner layer. This
would give a much lower oxygen reduction current in comparison with the 
bare surface of the alloy because of the electronic resistance of the 
inner corrosion product. By using AC impedance techniques such an 
increase in transfer resistance of the surface, could be observed 
step-by-step versus the time of exposure and thus the hindrance of 
electron transfer which brings about the decrease in the rate of oxygen 
reduction may be firmly attributed to the resistivity of the adherent 
layer. Reference to Table 4.28 proved that the presence of the film 
retards the cathodic reaction as higher values of the cathodic Tafel
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constant, Dy comparison witn tne vaiues ior iresn suriaces, were 
obtained. Therefore neither the underlying adherent layer nor the 
loosely adherent paratacamite layer, need to be a hindrance to the 
transport of the copper ions through the film in order for a corrosion 
rate decrease to be observed. However, as these layers develop over the 
first few hours of exposure the anodic current of the material does 
decrease. This arises by polarization of the anodic reaction as shown 
by exposure at -150 mV (anodic only ), and also at -200 mV (anodic + 
cathodic) Fig 4.9—10 Pickering et.al showed that the whole thickness of 
the corrosion product was responsible for the anodic polarization and 
not just the inner material which controls the cathodic reaction. The 
XPS data have shown the steady changes in corrosion product as potential 
becomes more anodic. There is a change in surface potential corresponds 
to a change in the surface film product from cuprous oxide to copper 
hydroxychloride as predicted by the Pourbaix diagram , derived by 
Bianchi and Longhi[l66]. According to their modified diagram the free 
corrosion potential of the sample in our work lay between -170 and -220 
mV (SCE) which is a stable region for Cu20 ;however, a greenish 
product which was found to be paratacamite was detected by X-ray 
diffraction analysis. In sodium chloride regions in which first iron 
compounds and then nickel compounds became stable can be identified as 
potential becomes more anodic. However, the particular composition of 
the product appear to have no importance on the anodic current. For
exmaple the presence of iron in the film formed at -150 mV in NaCl does
not give a lower passivation current than that found in seawater when 
the iron is not incorporated in the film. In seawater anodic 
passivation also occurs (Fig 4.13) but ESCA shows that the films contain 
no iron at all. Since the layers involved in polarising the anodic
reaction may not be important from the chemical point of view.
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It should be mentioned that X-ray diffraction and XPS analyses were
not always in good agreement. This could be related to the following:
i)XPS analysis was obtained from the top 1 nm while X-ray diffraction 
shows the bulk analysis of the scraped multiple layers; ii)an excess 
amount of oxygen in quantitative XPS analysis and consequently a bad 
balance on the stoichiometric value of copper chloride,may be attributed 
to the atmospheric contamination which is not detected by X-ray
diffraction technique.
/
The anodic Tafel slopes were found to be independent of time and
treatment in seawater or NaCl solution and indicate approximately that 
an one-electron transfer reaction (e.g formation of CuCl2“) 
occurs. It should be remembered, however, that the value of the Tafel 
constant is determined by number of electrons the alloy/corrosion
product interface. Therefore any electron exchange which brings about 
the formation of complexes on the outer surface i.e outer-layer/solution 
would be undetectable.
The effect of time is that the current in the anodic region drops
i.e the rate controlling step in that region remains a one-electron
process but the rate of this is impeded by film formation.
The cathodic Tafel slopes, however, change with time and decreases 
from a one electron process to values which are far too small to be 
modelled on reversible electron transfer. This cannot be explained as a 
decrease in the available area for electron-charge transfer which would 
decrease the current at a constant Tafel slope but could be explained by 
an 1 iR1 drop across a resistance film. Before further discussion the
following explanation may provide a clearer picture and an important
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and electrochemical data. The interpretation of cathodic and anodic 
polarization curves in relation to electrochemical reaction has been 
discussed by several investigator such as Stern et.alfQ41 and 
Schwerdtefeger et.al [164], but for the sake of clarity a typical
polarization curve is briefly mentdfned here. As was explained in 
chapter 2 , the dependence of current on overvoltage may be expressed
as:
Iano=Ic(10P/BA) ...... (6.1)
Icat=Ic(10“p/BC) .......(6.2)
Fig 6.1 illustrate the relationship between the oxidation and reduction 
rates and the relationship between the overvoltage and exchange current. 
When the electrode equilibrium is disturbed by external polarization, 
the reaction rates changes in accord with lines C and A. The individual 
oxidation and reduction rates can be measured and the the external 
current for polarization is obtained by the difference between the two 
rates e.g at overvoltage P the external current required to polarize to 
this potential is obtained by Y-X (Fig 6.1) which is the current
measured experimentally. Therefore in the region in which cathodic and 
anodic reaction occur simultaneously a deviation from Tafel slopes 
exist. According to Stern and Geary [94], a true Tafel relation is 
expected when one of these reaction (cathodic or anodic ) becomes 
insignificant. Solid lines drawn in Fig 6.1 are drived from equation
6.1 and 6.2 . Curved segments are obtained by subtraction of Xn and Yn
current values.
Refering to the experimental data in Fig 4.10 we see that when a 
fresh sample is aged in solution a different polarization curve is 
obtained. The following steps were found useful for explanation of the
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Fig. 6.1: Relationship between overvoltage and current.
electrochemical changes in the polarization curves and to aid in 
visualizing the relation between the apparent ’BC* values and the 
current change caused by iR drop of the film which, because of the high 
resistance of electron transfer is not negligible. The purpose of the 
method of plotting and the derivation from the resistance value of the 
iR drop is to present the graphical relationship between the apparent 
Tafel slopes used in the main body of results and the ohmic resistance 
of the film (the computer program is listed in Appendix B). The 
polarization curves of the fresh sample was used as a reference since it
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However, It should be recalled that even this sample shows some passivation 
as was mentioned in section 4*1.2. The potential of each point on the 
fresh curve is modified to the value EfiR for a series of assumed R 
values. These points were replotted as cathodic line for sample with 
resistance R. On the other hand * ageing1 appear to modify the anodic 
behaviour of alloys by reduction in current densities at constant BA, as 
shown in polarization curves (Fig 4.9-10). A coefficient representing 
the effective anodic area as a fraction of the initial value, 'theta1, 
was defined. This factor can be determined from the decrease in anodic
current when the sample is held at a potential which is in the anodic
Tafel region , e.g -150 mV, over a period of 24 hours it decreased from 
unity to approximately 0.3. Each current points on the anodic curve of 
Fig 6.1 was reduced by a series of values of theta(Fig 6.2). It is 
observed experimentally that the corrosion potential remains almost 
constant with time. This fact was used in order to match increasing
values of R influencing the cathodic current, to the decreasing theta
values influencing the anodic currents. The derived anodic current and 
cathodic current can then be combined to give a polarization curve 
corresponding to given R and theta values. Thus the influence of the 
values chosen on the corrosion current and potential can be seen. The 
results are given in Table 6.1. If, for example, a resistance of 1000 
ohms is arbitrarily given to the fresh sample , another value of 
apparent Tafel slopes appears. This deviation was not linear and 
follows an exponential like curve at higher overvoltage. However, if 
these points are fed to the Betacrunch program, a best-fit curve is 
fitted through the data giving an approximate set of parameters as would 
be obtained for purely experimental data. In fact for the range of R 
values and theta used the fits were remarkably good as shown by the
small average deviation values given in Table 6.1. The Betacrunch 
program overestimates corrosion current but adequately predicts the 
corrosion potential. The anodic Tafel slope also remain almost 
constant as expected. However, the major influence of R on BC is 
clearly seen. Thus the increase in BC with time found in the 
experimental data fitted by betacrunch has its origin in the increasing 
resistance and iR drop of the cathodic reaction.
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Table 6.1 Electrochemical data at different resistance.
Actual Values Derived Values(By Betacrunch)
Res.
(K.ohm)
BC BA Ic Ec theta | BC BA Ic Ec Av.Div.
(*)
Fresh 81 42 2.2 -220 1.0 80.8 41.9 2.2 -220 0.1
1 - - 1.9 -218 0.8 100 42.4 2.1 -218 2.0
2 - - 1.8 -217 0.75 104 42.3 1.9 -217 3.0
4 - - 1.7 -219 0.7 121 42.9 1.8 -218 3.8
10 - - 1.4 -219 0.6 153 43.0 1.5 -219 2.0
20 - - 1.1 -218 0.5 189 42.9 1.2 -217 3.8
40 - - 0.7 -219 0.3 196 43.8 0.8 -220 3.0
50 - - 0.6 -217 0.2 310 43.6 0.6 -217 4.9
50 - - 0.7 -223 0.4 297 43.0 0.9 -223 3.0
50 - - 0.8 -233 0.7 223 42.6 0.9 -230 4.0
100 - - 0.4 -220 0.2 392 44.0 0.5 -224 4.0
The actual corrosion currents were obtained by direct summation of the 
anodic and cathodic partial currents, as was explained before. These 
values were found to be slightly different from those found by
Betacrunch. This is one of the drawbacks of Betacrunch which must be
considered: the curve fitting procedure tries to fit the straight Tafel
slope through convenient points which in reality cannot provide a 
perfect fit since the cathodic region is not activation controlled. To 
illustrate this, different regions of experimental points from one
single experiment have been fed to Betacrunch program. Different
2^ 10
results are obtained by changing the regions. Table 6.2 lists the
ft
electrochemical data obtained for these different data regions taken 
from the polarization curve of an aged sample shown in fig 6.3A-D.
Table 6.2 Electrochemical Data of Polarization Curves Shown in Fig 6.3.
Region BC BA Ic
A 199 73 4.2
B 103 54 2.6
C 286 83 5.3
D 175 73 4.1
The less randomly distributed are the experimental points the greater 
are the differences between the derived data. Therefore, in general the 
higher corrosion current determined by Betacrunch will not be real. In
other words Betacrunch will give a false corrosion current due to *a
lack of perfect fitting* on the aged samples: on fresh samples this was
not observed since a near-perfect fit is obtained. The betacrunch
deviation is minimized by maintaining the same data range in all case
and taking care not to 1 bunch* the data points in any potential region. 
However, the variation in corrosion current density is then small 
compared to limitation existing in the extrapolation method which must 
otherwise used to process the experimental data.
In order to find a relationship between *theta* values (which is 
defined as a fraction of area which has not been covered with infinite 
ionic resistance film ) ,cathodic resistance ,R, and corrosion current
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calculations were carried out for either constant *theta* or constant 
resistance Fig 6.4. It is found that the decrease in corrosion current 
with increase in R is more pronounced at higher thetas than lower ones. 
For instance the ratio of corrosion current can be compared for samples 
with resistance of 0 and 100 kilo-ohms as follows:
Theta Ic. (for resistance 0)/Ic (for resistance 100)
3.7 
3.4
2.7
In other words, the effect of theta *the anodic control* becomes smaller 
for a sample with a higher cathodic resistance This has shown in Fig 
6.4. The curves show that, although for all reasonable values of R and 
theta the corrosion current is under mixed anodic and cathodic control, 
loss of cathodic control (R=0) is far more important than loss of anodic 
control (theta=1).
The shift in corrosion potential can also be explained by the model.
This is shown in Fig 6.5. If the resistance of the surface is kept 
constant (e.g 50 -Kohms) , then different corrosion potential values (X 
may be achieved by changing the theta values as follows:
1.0
0.7
0.2
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'met a
0.7 -233
0.4 -223
0.2 -217
Similarly ,if the resistance of the surface with a constant theta
decreases,a shift in cathodic direction is observed.
In a typical experiment a BC value of 350 mV/decade was obtained 
from the polarization of the sample aged in aerated seawater for 24 
hours under an applied potential of -150 mV. By superimposing the
experimental points on the set of model curves the nearest resistance
can be found. In the example of Fig 6.2 it can be related to the
surface containing a film with an ohmic resistance of "gQO'kohms. 
Similar figure was obtained by use of AC impedance techniques.
In the mixed potential region the current density on both electrode 
processes decreases with time and indeed the external current is 
observed to fall e.g at -200 mV. However, at this potential only a very 
thin film is involved (see section 4.2). Inhibition builds up steadily 
over a period of a few hours exactly as was reported previously 
[160-161]. There has been a tendency to attribute this behaviour to an 
iron rich deposit. However the inhibition developed at -200 mV does not 
stem from this since in all samples exposed at this potential neither 
iron nor nickel appeared in the surface layer which consisted of copper, 
chloride and oxygen species only. This may mean that an iron-containing 
layer is neither responsible for the protection of the alloy (e.g by 
polarizing the local cathode [51]) nor has it a essential effect on the
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anodic dissolution of the alloy which becomes polarized in the presence 
of a wide range of surface deposits. In one sample which had a highly 
inhibited cathodic response, the surface was entirely in the cuprous 
state with a very high chloride contribution (Cu 8$ & Cl 30$). This 
surface was most similar to that previously described as the 
non-strippable layer[153] remaining after products formed at the free 
corrosion potential were removed with adhesive tape. If,as this 
suggest, a form or cuprous-chloride is the resistive film on the 
cathode, what is the importance of an iron containing film? The answer 
is, possibly , for physical protection of an underlying inhibiting 
layer. The surface layer containing iron is tough and adherent and 
difficult to scratch if a scratch is deliberately made. The scratch 
area remains bright and free from corrosion products for months showing 
that the surrounding area remains fully inhibited. This can be 
interpreted by the polarization curve modelling as for a sample with 
high ohmic resistance a change in theta will have little effect on the 
corrosion current (Fig 6.2). This means that although the scratched 
area becomes anodic with respect to the rest of the surface. The iron 
rich film is extremely tenacious as it shows resistance to water jet or 
even adhesive tape and possibly it behaves similarly to films produced 
by addition of FeSO^ to the aqueous medium [24],which are known to 
be resistant under erosion-corrosion condition and many other 
environments. A further discussion on its physical distribution of iron 
in the alloy is the subject of future work. The formation of an 
iron-rich layer exclusively within a specific region of electropotential 
is probably explained by the need for anodic sites, as a source of 
soluble iron and cathodic sites as source of OH” ions for 
precipitation.
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6.2 Loss of Cathodio Inhibition
In order to investigate the dependence of the cathodic reaction on 
oxygen concentration and hence to relate it to the usual reaction for 
nearly neutral solutions,
0^+4 e+2 Hg 0=4 OH*".... (6.3)
a comparison of aerated and deaerated solutions was made. The samples 
were introduced and held at potential in the cathodic Tafel range; i.e
-320 mV and -250 mV and the charge transfer through the electrode
/monitored for a given period of time. In 24 hours a charge of 0.5 ASs
was recorded at -320 mV and 0.43 AS>sat -250 mV. Deaeration reduced the
charge transfer as expected to values of 0.28 and 0.32 respectively. 
Thus, the oxygen concentration does influence the passage of charge as 
expected. However, as reported (in section 4.3.7) a transient effect is 
found when potentiodynamic experiments are made in the cathodic range 
which is not in accord with the above finding, viz: a current increase
in the cathodic polarization region was observed in seawater when a 
transition was made from aerated to de aerated water. This is not due 
just to mechanical damage of the film caused by changing the solution ,
because this effect was not observed in NaCl solution tests (Fig 4.24).
Experiments showed that this effect could possibly be attributed to the 
incorporation in the film of organic substances derived from the 
seawater, and a subsequent change in the nature of the film in deaerated 
water. It may be of interest to point out that the role of 
microorganisms in the unfiltered seawater may be more significant , since 
this behaviour was less pronounced in the highly filtered seawater (Fig 
4.30).
The increase in current is as expected from a total loss of
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electronic resistance in the film Fig 6.2 (curve modelling). However 
,the protective film is quickly reformed at lower cathodic potential. 
This mechanism of repassivation is not clearly known yet, but it may be 
due to the formation of organic ligands and/or inorganic precipitates. 
Comparison Figures 4.24 and 4.25 shows that in accord with this increase 
in cathodic current the surface analysis showed this to be accompanied 
by an almost instantaneous deposition of hydroxide and basic compounds 
ions such as Ca,Mg ,Cu++ and sulphur. No parallel deposition of e.g 
paratacamite occured on deaeration in NaCl (when the high current 
transient does not occur). The deposition of hydroxychloride as a 
result of the hydrolysis of Cu++ can be attributed to the presence of 
copper (as cupric ions) into the solution. Although the solution was 
replaced with fresh one , still there is a chance for copper ions to be 
present on the wet surface of the corrosion products.
The main point in this approach is that the protective film which 
had been built-up lost its property making the metal vulnerable to 
further corrosion. This finding may be compared with the data of 
Pickering et.alf1631 who have shown that traces of sulfide ion will 
destroy cathodic inhibition in sodium chloride solution; it may even be 
possible that release of sulphide (possibly from microorganisms ) is the 
active process in the case of seawater.
Regarding the corrosion potential shift,it has already been 
mentioned by many workers(e.g Ref [111] that potential is a 
thermodynamic quantity and although it can be used to determine whether 
a reaction can occur spontaneously , it can not be used to provide 
information about the rate of corrosion or any other processes. 
According to work by McDonald [21] a slight shift in corrosion potential
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in tne cathodic direction could be due to the deceleration of oxygen 
supply.
6.3 Comparison of service and laboratory data
The theoretical interpretation of corrosion data from the laboratory 
should be followed with a consideration of a few points as follows: 
i)Chemistry of natural corrosion and corrosion under polarization 
condition is not fundamentally different; i.e in the case of natural 
corrosion, oxidation and reduction occur in the same specimen , whereas 
in the latter case these anodic and cathodic processes occur on two
discrete electrodes. Electrochemical techniques do not always duplicate 
corrosion in all natural environments unless a carefull comparative 
experimentation has been established. According to results of France 
et.alf162] the means of establishing potential may influence corrosion 
type under certain conditions for instance pitting corrosion of
stainless steel in highly concentrated chloride solution.
ii)It is obviously impractical to set up a natural culture in 
laboratory condition in order to study the effect of microorganisms. 
For example Sharply [32] mentioned that bacteria accustomed to growing 
under high pressure will not survive in the laboratory where pressure
can not be naturally high. Toddfs results [165] showed that substantial
differences in behaviour could be observed if the same seawater is used 
in the laboratory or actually at the sea. A few other examples have 
been discussed elsewhere [23]. Therefore it is not practical to employ 
a system in the laboratory to duplicate all parameters which influence 
the service life of condenser tubes in a power plant. The fact that the 
absence of chloride (as an important corrosion agent) from the surface
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or the most or samples collected rrom power plants or test rigs may be
correlated to differences-between electrochemical and natural immersion'* 
In electrochemical studies charge balance can be maintained only if 
negative ions migrate into the electrode/solution interface while in 
natural exposure the charge balance is maintained at the metal surface 
without the necessity of negative ion migration from the bulk to 
boundary region. In this case there is no tendency for chloride 
accumulation. In other words a difference between these methods may be 
attributed to the migration and surface accumulation of chloride during 
the electrolytic measurements.
However, in order to avoid any misinterpretation due to variation 
between the practical and experimental conditions (as was mentioned 
above), we tried to find the common features between the samples which 
have been in practical sevices and the samples which has been treated in 
the laboratory. A wide range of texture/thickness and composition is 
found in services samples. Similar compound was observed in the Lab 
samples. These compounds can be induced to form selectively by 
electropotential control in NaCl but not in seawater (probably because 
of natural buffers). However, use of selectively formed film revealed 
that there to be little sensitivity of the anodic currents to particular 
anodic films. Thus any or all of the films formed in service may 
polarize the anodic current. The key feature is cathodic inhibition and 
this is susceptible to levels of impurity almost below the detection 
limit of surface analytical equipments. Test using clean platinum or 
copper aloy electrodes to detect the important chemical changes were 
unsuccessful.
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6.3.1 Effect of Temperature on film composition
The existing literature on 90/10 cupronickel in seawater indicates that 
changes in temperature have a rather irregular effect on the behaviour
of the alloy. According to many other authors e.g [46], at high
temperature a more resistant film is built up on this alloy. In our 
work, we examined in more detail three main aspects of the temperature 
effects (in the range of 3-40°C ) as: 1)effect on the polarization
behaviour of the sample; 2)effect on the nature and composition of 
corrosion products; and 3) comparison of the laboratory and service 
samples.
1) As far as the polarization behaviour of the sample at high 
temperature concerns ,the main points are that: i)the loss of
inhibition occuring upon transition from aerated to deaerated solutions 
at room temperature, was not observed at 40°C; ii) the initial 
current density at -150 mV was higher at 40°C than at lower 
temperature, but the decrease with time was remarkably sharp; and iii) 
the corrosion potential shifts to a less negative value at high 
temperature. These changes can be associated with some simultaneous 
changes in the environment and hence corrosion products; e.g the 
oxygen solubility decreases at higher temperature and some aggressive 
species such as sulfides and organic matters are much less stable in 
high temperature seawater. In addition this change can be attributed
to an increasing activity of oxidizing species in the solution at
40°C, despite the significant decrease in dissolved oxygen 
concentration with increasing temperature. Dissolution of copper from 
the surface accelerates with increasing temperature, and a buildup of 
rich nickel and iron in the surface layer also occurs.
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2) There were two major and consistent differences between 
corrosion product film formed at 40°c and those formed at lower 
temperature: a) the film formed at M0°C always contained substantial
amount of iron and nickel (as oxides) while these substances were not 
formed at lower temperatures; b) XPS examination showed that the film 
formed at 40°C had a much narrower carbon peaks, indicating 
substantially lower organic matter contents. The absence of organic 
matters and the presence of the high nickel and iron contents in 
corrosion products resulted to a tenacious and adherent film which may 
provide a better protection for the underlying passivating films. The 
beneficial effect of iron and nickel on the behaviour of cupronickel 
has been well documented in the literature, and our data provide 
further confirmation for such an effect, relating it to the effect of 
temperature.
3)Some of the changes in composition of corrosion products on rig 
samples with temperature were similar to those observed with laboratory 
samples, For instancethe outer layer formed at 40°C was rich in iron 
and nickel, the iron/copper ratio being much higher than in the alloy. 
A slight difference with the service sample was that the layer formed 
at 40°C in the service contained substantial amount of magnesium. 
This can be associated with the formation of pyroaurite (a substance to 
which good passivating properties have been attributed), it should be 
mentioned that magnesium was found in our 'high temperature1 samples, 
but a strong interaction between iron and magnesium was not observed. 
This compound in any case was not formed in low temperature samples 
either in our lab or service samples.
Thus it is evident that a better protective film is formed on CAT06
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aiioy in seawater at nign temperature; we nave round correlation 
between this protective effect and consistent differences in the 
electrochemical behaviour of the alloy, and in the composition of the 
corrosion product film as the temperature is increased. It seems that 
in any pretreatment for improving the corrosion resistance of this 
alloy to seawater, a further improvement could probably be achieved by 
pre-exposure at elevated temperature.
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The following conclusions may be drawn out of the present work:
1) The combined use of electrochemical techniques and surface 
analysis, mainly by XPS, proved an adequate approach to our study of the 
behaviour of CA706 in seawater and the nature of corrosion products. In 
the electrochemical measurements, manual plotting of polarization curves 
did not permit separation of the anodic and cathodic partial curves 
because the response of the cathodic process to deaeration was abnormal. 
However, the fBetacrunch 1 software for processing the electrochemical 
data provided a good fit between the experiment and theory, and it seems 
to be the optimum program for determining the Tafel equation parameters. 
Care was shown to be needed in the selection of the range of data used in 
the program otherwise the corrosion current predicted with this program 
is an overestimates*
Par
2)The rate limiting step in the^anodic polarization region is the 
slow transport of cuprous chloride complexes from the surface of the 
electrode into the bulk of the chloride solution. The limiting current 
density over the anodic section is associated with the saturation of the 
electrode layer with the above complexes. The anodic current decreased 
with time, regardless of the composition of corrosion products.
3) The anodic Tafel slopes were independent of time or pretreatment 
of the samples, in both seawater and chloride solutions; an one-electron 
transfer reaction was indicated for the alloy/corrosion product 
interface. Coverage of the electrode surface with a film of high ionic 
resistivity (e.g.,a porous corrosion product) decreased the current
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became more noticeable as the degree of coverage was increased.
4)The cathodic Tafel slopes changed with time, from an one-electron 
process to values that were too small to be modelled on any reversible 
electron transfer. The presence of corrosion products decreased the 
oxygen reduction rate; this is associated with the structure of the 
corrosion product film, i.e., an adherent, nonporous inner layer and a 
looser outer layer. The decrease in oxygen reduction rate occured 
because of the very high electronic resistivity of the inner layer. This 
could be explained by an iR drop across a resistance film. Thus, the 
decrease needed not be associated with any hindrance of the transport of 
copper ions through the corrosion product.
5) In the mixed-potential region, a very thin film is forfned and 
inhibition builds-up over several hours, causing a decrease in current. 
This decrease is not directly associated with the formation of an 
iron-rich film, e.g., the film formed at -200 mV was iron-free. Thus, 
the presence of an iron-rich film is not essential for polarizing the 
local cathodes (as claimed by some authors) or for inhibiting the anodic 
dissolution of the alloy. However, an iron-rich film formed above the 
protective film, i.e., at the electrode/solution interface, provided a 
good mechanical protection for the underlying thin film.
6) Partial correlation was found between the changes in composition 
of the corrosion product films and the changes in surface potential as 
predicted on the basis of Pourbaix's diagram. The free corrosion 
potential in the range between -170 and -200 mV corresponded to the 
presence of stable cuprous oxide, which indeed was found in the product,
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7) A model has been defined for the shift in corrosion potential Ec 
with the effective anodic area presented as a fraction *theta1 of the 
initial value and resistance R. A decrease in theta at fixed R shifts 
the potential to less negative values, while at constant theta a decrease 
in R would shift the potential to more negative values. Since* theta 
decreases with time while Ec remains almost constant, we were able to 
match the increase in R influencing cathodic current with the decreasing 
theta influencing the anodic current. The combined calculated anodic and 
cathodic current yielded polarization curves corresponding to given R and 
theta values. On the basis of this model it is clear that the
experimentally observed increase in *BC' with time was associated with
the increasing R and iR drop of the cathodic reaction. Although the
corrosion current is influenced by changes both in R and theta values, 
the effect of R is more important.
8) There were only minor differences between polarization behaviour 
in aerated seawater or synthetic solutions (either seawater ions or 3.4$ 
NaCl), the most important being that external current density fell rather 
less noticeably in natural seawater than in sodium chloride solution. 
There were significant differences in the composition of products formed 
on the surfaces. These differences can be attributed mainly to the
presence of uncontrolled organic species in natural seawater and the high 
buffering capacity of the seawater which together with the lower current 
flow may limit the change in pH value at the surface during corrosion.
9) Some control over organic species was excersized by use of three 
ecological systems of seawater for the corrosion test and surface
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behaviour. However, the product films from the unfiltered aquarium 
showed a high carbon contamination by organic species, while samples from 
highly filtered aquarium had a lower carbon level. The environmental 
influence was particularly strong in the first three weeks of exposure.
10) The laboratory data as well as our examination of service samples 
exposed over different time under different conditions, showed that in 
general, corrosion products such as iron, nickel and copper oxides in 
various mixtures decreased the effective anodic areas i.e decrease the 
theta, whereas the electronic resistance R of the suface film depends 
primarily on the presence of a cuprous chloride film on the inner surface 
of the alloy.
11) In low oxygen content seawater, cathodic inhibition is always 
lost when first exposure is in natural seawater. Loss of inhibition in 
the cathodic polarization region took place upon transition from aerated 
to deaerated seawater is attributed to incorporation, in the protective 
film, of organic matter derived from the seawater and a consequent change 
in the nature and properties of that film. The increase in current is as 
expected from a total loss of electronic resistance; the protective film 
is, however, quickly reformed at less negative potentials, even at very 
low oxygen contents in the seawater.
12)At high temperature ( 40°C) in seawater a layer containing iron 
and nickel is formed under applied potential of -150 mV, but not at 
ambient or cold (3°C) temperatures. No such layer was formed at high 
temperature under applied -200 mV; nevertheless the samples exposed both 
at -150 and -200 mV at 40°C exhibited strong passivation , indicating
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passivation under these condition. Increasing the temperature changed 
the valency of copper in the corrosion product film, i.e, from mixed 
Cu(I)+Cu(II) at lower temperatures, to mainly Cu(I) at ambient, to Cu(II) 
at 40°C. The film formed at 40°C were adherent, tenacious and 
protective. The carbon peak width in XPS spectra was narrower for the 
samples exposed at high temperature, indicating that less organic matter
is absorbed in the corrosion film at that temperature.
13)0ur XPS data on the service samples indicated that: a)dichromate 
pretreatment resulted in Ni and Fe enrichment of the inner surface layer;
b) samples exposed to sulphide-polluted waters showed chloride enrichment 
in the corrosion product (even if the sample were pretreated in 
dichromate solution).
14) Although the colour of corrosion product naturally depends on 
their composition, it was not possible to unequivocally correlate the 
colour to the presence of a given component, except in the case of yellow 
films which always contained organic matter. For instance, colour was 
not always associated with the presence of basic copper chloride, and 
some green films were totally free of chloride. The predominant 
components being copper(I), copper(II) and nitrogen. There was no
specific correlation between the colour and texture of the films, except 
that the most protective and adherent films had in general a golden brown 
colour.
15) Differences in analytical data for the corrosion product film, 
obtained by two different techniques i.e XPS and X-ray diffraction (e.g., 
an excess of oxygen observed by XPS but not by diffraction) are
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analyses; the layer analysed by XPS was much thinner and the results 
were thus much more sensitive to atmospheric contamination.
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Since electrochemically controlled treatment would have advantages over 
the antifouling substances (as was mentioned in chapter 2) this method is 
recommended for future study:
a)How protective is the film formed on the cupronickel surface at -150 mV 
in 3.4$ NaCl solution. This factor is under investigation from 
microfouling and corrosion point of view.
b) What will be the effect on microfouling for surfaces which have been 
partly protected. For this purpose close monitoring by XPS analysis and 
SEM is required.
c) Since the magnitude of iron in the alloy may have an important role on 
its behaviour,alloys of different iron contents should be studied.
Work is in progress on the effect of low oxygen contents in seawater 
on the electrode behaviour and nature of films formed on the alloy. This 
requires a reliable measurement of the dissolved oxygen , and means for 
establishing reproducible oxygen concentration in the range of <1 ppm.
This work provides further support for the case of using natural 
seawater under conditions simulating as closely as possible those in the 
sea for research on the marine corrosion of metals. This is emphasized 
particularly since some particular corrosion processes could occur solely 
in natural seawater.
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APPENDIX A
*» BETACRUNCH PROGRAM FOR EVALUATION OF CORROSION PARAMETERS •• 
50 DEF FN A(X)=INT(X*100+0.5)/100 
60 L=LOG( 10)
70 INPUT *DATA PTS.(MULTIPLE OF 3)=*, N 
80 PRINT "CORROSION POTENTIAL"
90 INPUT T
110 DIM R (39 ) ,  D ( 3 , 3 9 ) ,M ( 3 ,4 ) , P ( 3 9 ) ,Z ( 3 9 ) , Y ( 3 9 ) , W ( 3 9 ) , H ( 3 9 )
240 V( 0=200 
250 V(2)=200 
260 V(3) =200
270 REM FIRST GUESS FOR BC, BA, IC 
280 GOSUB 1010
290 REM CALCULATES DERIVATIVES, DIFFERENCES,CHECKS CONVERGENCE 
300 GOSUB 1170
310 REM FORMS 3 GROUPS -CALCULATES COEFF.OF SIMULT. EQNS.
320 GOSUB 1340
330 REM SOLVES SIMULT.EQNS.-DETERMINES CORRECTION FACTORS 
340 C=0
350 FOR 1=1 TO 3
360 IF ABS(U(I))<0.001 THEN C=C+1 
370 REM NEXT TWO LINES DAMP CORRECTION FACTORS 
380 IF U(I)<0 AND -U(I)>V(I)/2 THEN U(I)=-V(I)/2 
390 IF U(I)>0 AND U(I)>V(I)»2 THEN U(I)=2*V(I)
400 V(I)=V(I)+U(I)
410 REM NEW GUESS FOR BC, BA, IC VALUES
420 IF V(I)>1E+6 THEN 980
430 NEXT I
440 IF C=3 THEN 490
450 REM CHECK FOR CONVERGENCE
460 GOTO 280
470 REM START AGAIN WITH NEW BC, BA, IC 
480 REM PRINT ROUTINES FOLLOW 
490 PRINT 
520 G1=FN A(V(1))
530 PRINT "BC= ", FN A(V(1))
560 PRINT "BA= ", FN A(V(2))
570 G2=FN A(V( 2))
600 PRINT "ICORROSION =", FN A(V(3))
610 G3=FN A(V(3))
640 PRINT "E CORROSION= ", T
650 WRITE £1, "AV.DEV.=",FN A(F1«100/N),"
660 PRINT "AV.DEV.=", FN A(F1»100/N),"
980 PRINT A1$(7), A1 $(7),"PROGRAM DIVERGING— >CHECK DATA !"
990 END
1000 REM
1010 C=0
1020 F 1=0
1030 FOR 1=1 TO N
1040 S=-SGN (P(I))
1050 P=P(I)
1060 D( 1, I)=S#V(3)*P*L*( 10**(—P/V( 1)))/V( 1)**2 
1070 D(2, I)=S*V(3)*P*L*(10**(P/V(2)))/V(2)**2
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1090 r(i)=s»v(3)*(1o*«(-p/V(1))-io**(p/vc2;;;-zu; 
1100 IF ABS(R(I))<0.3 then C=C+1 
1110 F1=F1+ABS(R(I))/Z(I)
1120 NEXT I
1130 IF C=N THEN 490
1140 REM CHECK FOR CONVERGENCE
1150 RETURN
1160 REM
1170 C=N/3
1180 FOR K=1 TO 3
1190 FOR 1=1 TO 3
1200 E=I«C+1-C
1210 F=I*C
1220 S1=0
1230 S2=0
1240 FOR J=E TO F
1250 S1 =S1+D(K, J)
1260 S2 =S2+R(J)
1270 NEXT J 
1280 M(I, K)=S1 
1290 M(I, 4)=-S2 
1300 NEXT I 
1310 NEXT K 
1320 RETURN 
1330 REM
1340 A=M(1, 1)*(M(2,2)«M(3,3)-M(3,2)«M(2,3))
1350 B=-M(1, 2)*(M(2,1)*M(3»3)-M(3,1)*M(2,3))
1360 G=M(1, 3)*(M(2,1)«M(3,2)-M(3,1)#M(2,2))
1370 D=A+B+G
1380 01=M(1, 4)«(M(2,2)«M(3,3)-M(3,2)»M(2,3))
1390 02=-M(1| 2)*(M(2,4)*M(3i3)-M(3»4)*M(2,3))
1400 03=M(1, 3)f(M(2,4)«M(3,2)-M(3,4)«M(2,2))
1410 U(1)=(01+02+03)/D
1420 Q1=M(1, 1)*(M(2,4)*M(3»3)-M(3»4)*M(2,3))
1430 Q2=-M(1| 4)*(M(2,1)«M(3,3)-M(3,1)«M(2,3))
1440 Q3=M(1, 3)*(M(2,1)*M(3,4)-M(3,1)*M(2,4))
1450 U(2)=(Q1+Q2+Q3)/D
1460 Y1=M(1, 1)*(M(2,2)*M(3|4)-M(3»2)*M(2,4))
1470 Y2=-M(1, 2)»(M(2,1)«M(3,4)-M(3,1)*M(2,4))
1480 Y3=M(1, 4)«(M(2,1)*M(3,2)-M(3,1)«M(2,2))
1490 U(3)=(Y1+Y2+Y3)/D 
1500 RETURN
Modified Program (Underlined Where Different From Betacunch )
** BETA PROGRAM FOR EVALUATION OF CORROSION PARAMETERS *« 
30 DEFINE FILE £1="MASTER"
40 DEFINE FILE £2="MASTER1"
45 DEFINE FILE £3=nMASTER2n 
50 DEF FN A(X)=INT(X*100+0.5)/100 
60 L=L0G( 10)
70 INPUT * DATA PTS. (MULTIPLE OF 3) = r, N 
80 PRINT "CORROSION POTENTIAL"
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100 INPUT «SURFACE AREA OF SAMPLE=\ N7
110 DIM R(39)» D(3,39),M(3,4),P(39),Z(39),Y(39),W(39),H(39)
115 04=0
120 FOR K=1 TO N
130 PRINT"INPUT (E, I)=";
140 INPUT H(K), W(K)
150 NEXT K 
160 FOR K=1 TO N 
170 Z(K)=W(K)/N7
180 IF FN A(F1*100/N)>6 GOTO 200 
190 WRITE £1, H(K):",":Z(K)
200 P(K) =H(K)-T
202 IF ABS(P(K))>Q4 THEN Q4=ABS(P(K))
205 Z(K)=Z(K)*SGN(-P(K))
210 NEXT K
220 IF FN A(F1*100/N)>6 GOTO 240 
230 WRITE £1, 99:",":99 
240 V(1)=200 
250 V(2)=200
260 VC3) =200
261 REM PRINT, J TYPE INIT. APPROX. FOR V1-3.1
262 REM INPUT yM). V ( 2 ) . V ( V
263 L2=0
264 REM PRINT -'LEVENBERG WEIGHTS
265 REM INPUT L2_
267 R2=-1.
268 H1=0.
270 REM FIRST, GUESS FOR BC._ BA, 10 
280 GOSUB 1010
290 REM CALCULATES DERIVATIVES, DIFFERENCES,CHECKS CONVERGENCE 
300 GOSUB 1170
310 REM FORMS 3 GROUPS -CALCULATES COEFF.OF SIMULT. EQNS.
315 PRINT 'v&r= «:» »: V(1):' ':V(^0:' !:R2
316 PRINT
320 GOSUB 1340
330 REM SOLVES SIMULT. EQNS.-DETERMINES CORRECTION FACTORS 
340 C=0
350 FOR 1=1 TO 3
353 IF I<3 THEN Q5=Q4»ABS(U_(I))/V(I)«*2 
357 IF 1=3 THEN Q5=ABS(U(I))
360 IF Q5<0.00001 THEN C=0h1_
370 REM NEXT TWO LINES DAMP CORRECTION FACTORS 
380 IF U(I)<0 AND -U(I)>V(I)/2 THEN U(I)=-V(I)/2 
390 IF U(I)>0 AND U(I)>V(I)«2 THEN U(I)=2«V(I)
400 V(I)=V(I)+U(I)
410 REM NEW GUESS FOR BC, BA,IC VALUES
420 IF V(I)>1E*9 THEN 980
430 NEXT I
440 IF C=3 THEN 485
450 REM CHECK FOR CONVERGENCE
455 m.=N.3+1.
460 GOTO 280
470 REM START AGAIN WITH NEW BC, BA,IC
480 REM PRINT ROUTINES FOLLOW
485 PRINT Vv= V:' V(1);V »;V(2).»:V.(3). _
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500 IF FN A(F1*100/N)>6 GOTO 520 
510 WRITE £1, "BC=",FN A(V(1))
520 G1=FN A(V(1))
530 PRINT "BC= ", FN A(V(1))
540 IF FN A(F1*100/N)>6 GOTO 560 
550 WRITE £1, "BA=",FN A(V(2))
560 PRINT "BA= ", FN A(V(2))
570 G2=FN A(V( 2))
580 IF FN A(F1*100/N)>6 GOTO 600
590 WRITE £1, "ICORROSION =",FN A(V(3))
600 PRINT "ICORROSION =", FN A(V(3))
610 G3=FN A(V(3))
620 IF FN A(F1*100/N)>6 GOTO 660
630 WRITE £1, "ECORROSION = ",T
640 PRINT "E CORROSION= ", T
650 WRITE £1, "AV.DEV.=",FN A(F1«100/N),"
660 PRINT "AV.DEV.=", FN A(F1«100/N),"
670 IF FN A(F1*100/N)>6 GOTO 950 
680 E=P(1)+T
690 IF E>-255 THEN GOTO 720 
700 12=1 
710 GOTO 730 
720 I2=-1 
730 FOR K=1 TO N 
740 1=0
750 IF ABS(P(K+1)-P(K) )>1 THEN GOTO 790 
760 F8=ABS(G3*(10**(-P(K)/G1)-10**(P(K)/G2))) 
770 A6=P(K)+T 
780 GOTO 860
790 IF K-1>0 THEN GOTO 820 
800 1=1+1
810 IF 1=1 THEN GOTO 830 
820 P(K)=P(K)+I2*1
830 F8=ABS(G3*(10**(-P(K)/G1)-10**(P(K)/G2))) 
840 A6=P(K)+T
850 IF F8 = 0 THEN GOTO 880 
860 WRITE £2, A6:",":F8 
870 PRINT A6, F8
880 IF ABS(P(K+1)-P(K))< =1 THEN GOTO 920
890 IF A6> =-135 THEN GOTO 920
900 IF A6< =-360 THEN GOTO 920
910 GOTO 790
920 NEXT K
930 WRITE £2, 99:",":99
931 N4=G3*(10*«((360+T)/G1))
932 N5=G3
933 N6=G3»(10»«((-130-T)/G2))
934 WRITE £3, -360:",":N4
935 WRITE £3, T:",":N5
936 WRITE £3, -130:",":N6
937 WRITE £3, 99:",":99
938 PAUSE
939 GOTO ?Q
950 PRINT "CORROSION POTENTIAL"
960 INPUT T
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980 PRINT A1$(7), A1$(7)i"PROGRAM DIVERGING— >CHECK DATA !"
985 PADSE
989 GOTO 70
1000 REM
1010 C=0
1020 F1=0
1030 REM Replaces 1030-1320 
1032 FOR 1=1 TO 3 
1035 FOR J=1 TO It 
m o  M(I. J)=0 
1045 NEXT J
1050 NEXT I
1051 R1=R2
1052 R2=0
1055 FOR 1=1 TO N 
106 0 o=pm»L 
1062 REM S=-SGN(P)
1065 D1=V(3l»Q«EXP(-0/VM))/VM)»»2/Z(I)
1070 D2=V(51 «Q«EXP(0/V(211/V(2l**2/Z(I)
1075 R=vnwEXP(-o/vMn-EXP(o/vr2m/zm-i 
1080 t)5=m+ri/v(51 
1082 R2=R2+R*R
1114 M(2. 41=M(2.4)-D2*R
1116 M(3. 41=M(5.41-D5*R
1118 MCI. 11=M(1.11+D1«D1+L2
1120 MC1 - 21=M(1.2)+D1*D2
1122 M M f 51=M(1.5l+D1*D5
1126 M(2f 21=M(2.21+D2«D2+L2
1128 M(2. 51=M(2.5l+D2*D5
1134 M(3. 51=MC5.51+D5*D5+L2
1136 F1=F1+ABS_(in
1138 NEXT I
1139 IF N K 5  THEN 1141
m o  IF ABS( 1-R2/R1 K0.01 THEN 490
1141 M(2. 11=M(1.21
1142 M(5. 11=M(1.51
1143 M(5. 21=M(2.51 
1145 RETORN
1170 RETURN 
1330
1340 A=M( 1, 1)*(M(2,2)*M(3,3)-M(3,2)*M(2,3)) 
1350 B=-M(1, 2)«(M(2,1)*M(3,3)-M(3,1)*M(2,3)) 
1360 G=M(1, 3)*(M(2,1)»M(3,2)-M(3,1)*M(2,2)) 
1370 D=A+D+G
1380 01=M(1t 4)*(M(2,2)*M(3,3)-M(3,2)*M(2,3)) 
1390 Q2=-M(1, 2)«(M(2,4)»M(3,3)-M(3,4)*M(2,3)) 
1400 03=M(1, 3)*(M(2,4)*M(3,2)-M(3»4)*M(2,2)) 
1410 U( 1 )=( 01+02+03 )/D
1420 Q1=M(1, 1)*(M(2,4)*M(3,3)-M(3,4)*M(2,3)) 
1430 Q2=-M(1, 4)«(M(2,1)«M(3,3)-M(3,1)*M(2,3)) 
1440 Q3=M(1, 3)*(M(2,1)«M(3,4)-M(3,1)*M(2,4)) 
1450 U(2)=(Q1+Q2+Q3)/D
1460 Y1=M(1, 1)*(M(2|2)*M(3»4)-M(3|2)*M(2,4)) 
1470 Y2=-M( 1, 2)*(M(2,1 )*M(3i4)-M(3> 1 )*M(2,4) )
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1490 U(3)=(Y1+Y2+Y3)/D 
1495 REM PRINT V:D 
1500 ££331SSL 
9999 END
•"PROGRAM FOR ELECTROCHEMICAL MODEL ««
1100 DIM A(600),C(600),E(600),P(600),R(600),G(600),K(600), 
Q(600),Z(600),Y(600)
1200 DEFINE FILE £1 =»FRESH "
1250 INPUT * ENTER FILENAME OF AGED SAMPLE = »;A$ '
1300 DEFINE FILE £2 =A$
2000 REM INPUT CONSTANTS ....___ ....
2100 INPUT* CORROSION POTENTIAL = »;D
2200 INPUT * BC VALUE= »;F1
2300 INPUT *BA VALUE= f ;G1
2400 INPUT «CORROSION CURRENT= »;H
2420 INPUT * RESISTANCE OF THE FILM IN KILO-OHMS= ',W
2440 INPUT * ANODIC TAFEL FACTOR = ', T
2445 REM END OF INPUT....
3000 FOR I = 1  TO 180 
3040 P(I)=I-81 
3050 E(I)=P(I)+D 
3055 01=E(1)
3100 A(I) =H»(10*«(P(I)/G1))
3120 M=A(1)
4100 K(I)=-P(I)+D
4200 C(I)=H*(10**((P(I)/F1)))
4220 R(I)=T*A(I)
4223 A8=R(I)-M
4228 IF ABS(A8) < = .003 THEN G2=E(I)
4230 IF ABS(A8) < = .003 THEN P1=I 
4232 Y(I)=C(I)
4300 NEXT I 
4314 G3=ABS(G2-01)
4327 Q3=180-P1
4330 FOR 1=1 TO Q3
4347 Q(I)=E(I)+G3
4358 NEXT I
4369 FOR 1=1 TO 180
4377 IF E(I)=K(I) GOTO 4384
4381 NEXT I
4384 L=1
4387 IF I=L GOTO 4446 
4392 C(I+L)=C(I+L)-A(I-L)
4413 A(I+L)=A(I+L)-C(I-L)
4424 L=L+1 
4436 GOTO 4387 
4438 L5=0
4446 FOR 1=1 TO 180 
4450 G(I)=K(I)-W*Y(I)
4452 IF L5=1 GOTO 4500
4460 IF ABS(G(I)-Q(I)) <=2 THEN N=I
4463 IF ABS(G(I)-Q(I)) <=2 GOTO 4471
4468 GOTO 4500
4471 IF R(N)>Y(N) THEN J=-J
4473-FOR J=0 TO 15
4474 L5=1
4475 L7=N-J 
4477 L8=NfJ
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4480 F4=R(P1+L8)-Y(L7)
4482 PRINT F4,Q(L8),G(L7),»FQG*
4485 IF ABS(F4)<=0.14 THEN L2=Q(L8)
4486 PRINT L2
4488 IF ABS(F4)<=0.14 THEN L3=Y(L7)
4490 PRINT L3
4492 IF ABS(F4)<=0.14 GOTO 4500 
4495 NEXT J 
4500 NEXT I
4566 PRINT »HERE IS THE ALL IMPORTANT "L7,L8",> L7,L8 
4570 PRINT1THIS IS Ecorr.= »,12,G(L7)
4580 PRINT * THIS IS Ieorr= *,L3 
4668 K=1
4670 IF L7=K GOTO 4800 
4672 IF L8=K GOTO 4800 
4675 Y(L7+K)=Y(L7+K)-R(L8+P1-K)
4680 R(L8+P1+K)=R(L8+P1+K)-Y(L7-K)
4682 K=K+1 
4685 GOTO 4670
4720 REM END OF SUBTRACTION FOR AGED SAMFLES........
4800 FOR 1=82 TO 180 
4850 IF E(I)>-140 GOTO 5390 
5380 WRITE £1,E(I):»,*:A(I)
5390 NEXT I 
5400 FOR 1=82 TO 180 
5420 IF K(I)<-320 GOTO 5500 
5450 WRITE £1,K(I):*,*:C(I)
5500 NEXT I
5600 WRITE £1, 99:1,*s99 
5700 FOR I=L8 TO 180 
5760 IF Q(I)>=-130 GOTO 5850 
5770 IF Q(I)=L2 GOTO 5850 
5800 WRITE £2,Q(I):»,»:R(I+P1)
5850 NEXT I
5880 FOR I=L7 TO 180
6000 IF G(I)< =-320 GOTO 6200
6050 IF G(I)=G(L7) GOTO 6200
6100 WRITE £2,G(I):»,f:Y(I)
6200 NEXT I
6300 WRITE £2,99:!,,:99 
6380 END
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